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Nanosized ion beams (especially proton) play a pivotal role in the field of ion 
beam lithography and ion beam analysis. Proton beam writing has shown 
lithographic details down to the sub-100 nm level, which is limited by the 
proton beam spot size.  Introducing a smaller spot size will allow smaller 
lithographic features.  Smaller probe sizes also drastically improve the spatial 
resolution for ion beam analysis techniques.  
 
The newly developed 2
nd
 generation PBW line supports the spaced triple 
oxford lens configuration, which has a lens demagnification of 857 × 130. An 
orthogonal free-standing grid with high side wall verticality has been made 
and used to focus down the proton beam. The beam size can be characterized 
using on-  and off-axis  scanning  transmission  ion  microscopy  (STIM)  and  
ion  induced  secondary  electron detection, carried out with a newly installed  
multi channel plate  electron detector. An automatic focusing program based 
on LabVIEW has been also developed, which has the capability to focus 2 
MeV protons down to 9.3 nm × 32 nm in less than 10 minutes. This is the first 
time to focus a high energy (MeV) beam to 10 nm in X direction. Fine 
lithographic HSQ patterns featuring 19 nm line width and 60 nm spacing have 
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1.1 Overview of nanolithography 
The fact that nano scale matter often behaves differently with respect to the 
same materials in the bulk form has prompted a huge increase in 
nanotechnology research. After decades of research and development, 
nanotechnology has a more and more important impact on our economy and 
society. Science and technology research in nanotechnology provides wide 
application areas such as materials and manufacturing [1], nano electronics [2], 
energy [3], information technology [4], medicine and healthcare [5], and 
security [6]. It is thought as next ‘industrial revolution’. 
Nanolithography, as one branch of nanotechnology, is concerned with the 
study and applications of fabricating structures at the nanometer scale. A 
commonly accepted definition of nanostructures requires that at least one 
dimension is between the size of an individual atom and approximately 
100 nm. The techniques to create structures below 100 nm level can be 
divided into two main approaches: top down and bottom up. Top down 
approaches starts from a bulk and subsequently uses finer and finer tools to 
create correspondingly smaller structures (similar to micromachining 
techniques). The second method works in the opposite way:  the 
nanostructures are obtained by molecular recognition and self-assembly to 
build blocks (colloids, molecules, and clusters) [7]. This thesis will focus on 
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one of the top down nanofabrication techniques. First a few major 
nanofabrication techniques are briefly introduced. 
Photolithography 
Nano photolithography is very similar to conventional micro optical 
lithography. But it requires the use of liquid immersion [8] and a set of 
resolution enhancement technologies like optical proximity correction (OPC) 
[9] and phase-shift masks (PSM) [10], which can overcome the optical 










where λ is the wavelength of the light, n  is the refractive index and the 
denominator sinn   is called the numerical aperture (NA). According to this 
equation, smaller feature sizes can be achieved not only by decreasing the 
wavelength, but also by increasing the numerical aperture.  
Nano photolithography is commonly used to produce computer chips, like 
super-high-density microprocessors and flash memories. The silicon chip 
substrate is first coated with a chemical photoresist and exposed selectively to 
light by a mask. The chemical bond of the exposed areas will be cross linked 
or broken. Depending on the type of the resist, e.g. positive or negative, the 
exposed or unexposed areas are then chemically etched away respectively. As 
a mass production technique, it can fabricate very complex circuits in a 
relatively short time. Now nano photolithography can be used to produce 
features as small as 14 nm [11]. 
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Electron Beam Lithography (EBL) 
Electron Beam Lithography (EBL) is an attractive alternative technique for 
fabricating nanostructures. The EBL tools, based on the scanning electron 
microscopes (SEMs), have more than 50 year history. It uses a tightly focused 
electron beam to expose the surface of a resist to achieve nano size features. If 
we neglect relativistic effects, according to wave-particle duality, the de 








where V is the energy of the electron in electron volt unit. From this equation, 
the wavelength of a 100 eV electron is only 0.12 nm. For energies of 1 keV to 
100 keV used in commercial electron beam lithography, the wavelength of the 
electron is less than 0.1 nm. So the smallest feature is not limited by the 
wavelength of the electrons. But due to the fact that electrons undergo 
multiple elastic and inelastic scattering events once in the substrate, a finite 
amount of energy is deposited away from the desired area [12]. This gives rise 
to unwanted features revealed upon development. Electron scattering 
(proximity effect) is the most challenging problem in e-beam lithography for 
producing dense high resolution structures. 
Moreover, the point by point scan in EBL results in an extremely low 
throughput and makes it difficult for mass production. One possible solution is 
parallel electron beam lithography [13]. Nevertheless，EBL can directly write 
patterns with sub-10 nm resolution [14] on a thin resist layer. EBL, combining 
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with processes like deposition, lift-off, and etching is used to fabricate 
different kinds of nanostructures and has many applications like mask making, 
electronics devices and optics. 
X-ray Lithography 
The X-ray lithography process is almost identical to photolithography but uses 
a mask made from an X-ray transparent material with a pattern of high Z 
material such as gold either etched or deposited on it. Most X-rays 
have wavelengths in the range of 0.01 to 10 nm, corresponding 
to frequencies in the range 30 PHz to 30 EHz (3 × 10
16
 Hz to 3 × 10
19
 Hz) and 
energies in the range 100 eV  to 100 keV. In comparison to other forms of 
radiation used in lithography (photolithography, electrons, ions), X-rays have 
the unique property that in their interaction with the material of the mask or 
the substrate. Scattering is negligible and the resolution of the exposed pattern 
depends upon the mask features and exposure condition control. By enhancing, 
in the Near Field, Proximity X-ray Lithography (PXL) is demonstrated that 
extends to 15 nm printed feature size with 2:1 ratio of pitch to line width [15]. 
X-ray has many advantages including control of printing, increased wafer 
throughput in addition to the outstanding feature of extensibility beyond 15 
nm, which makes it as a promise candidate for the next generation lithography. 
But to realize this promise, several key issues remain, such as the requirement 
for tight control over the mask–substrate separation (~15 nm) and high initial 




Extreme ultraviolet lithography 
EUV lithography is a lithographic technology that utilizes a far smaller 
wavelength than that of deep UV for improved resolution. The band of the 
electromagnetic spectrum has a range from 120 nm down to 10 nm with 
corresponding photon energies from 10 eV to 124 eV respectively. Since EUV 
is so much more energetic than visible radiation, it does not interact with 
matter in the way of visible light with regard to absorption and reflection. In 
addition, EUV is more difficult to be generated than visible light. It can only 
be emitted by electrons which are bound to multicharged positive ions [16]. 
The thermal production of multicharged positive ions is only possible in hot 
dense plasma. Now two main sources of EUV radiation at 13.5 nm are xenon 
and tin plasmas. Compared with optical lithography at the 14 nm node, the 
difficulty to produce EUV photons and fabrication of defect free masks [17] 
are the most critical challenges for implementing EUVL into semiconductor 
high volume manufacturing.  
Nanoimprint Lithography 
Nanoimprint Lithography (NIL) is an emerging nano replication technology 
with high throughput and low cost for a huge variety of applications. In a 
typical nanoimprint process, a stamp with nano patterns is pressed into a soft 
material. After embossing the resist, the resist is UV cured or cooled down 
below the glass transition temperature. Then the stamp is released from the 
sample and the patterned resist is left on the substrate. The mechanics of 
nanoimprint lithography is much different from other tradition lithographic 
techniques and it is capable of producing sub-10 nm features over large areas 
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[18]. The barrier to product features at this resolution is the development of 
the stamp itself. Currently, the stamp is fabricated by electron beam 
lithography combining with other techniques like lift-off and reactive ion 
etching. However, due to the beam scattering of electrons, the stamp has a 
bigger size than that required. Another possible solution is the self-assembly 
technique, which can provide templates of periodic patterns at 10 nm and less. 
It is also possible to generate the stamp by using a programmable template 
based on double patterning with a resolution of 22 nm half-pitch [19]. 
 
Directed self-assembly (DSA) 
Self-assembly is a nanofabrication technique that involves spontaneous 
aggregation of atoms, molecules, and/or components into regular structures or 
patterns. This aggregation can be controlled via different weak interactions 
(e.g. van der Waals, capillary, π−π and hydrogen bonds). Directed self-
assembly is seen as an extension of self-assembly. External factors, such as 
physical templates are used to influence self-assembly systems in a desired 
way. This technique can generates laterally ordered, periodic arrays of self-
assembled spheres, cylinders, or lamellae with a typical feature size in the 3–
50 nm regions [20]. Further, DSA enables current manufacturing process 
capabilities to be enhanced and augmented, providing pathways for true nano 
manufacturing at a drastically reduced cost. DSA of block copolymer films on 
lithographically defined and chemically nano patterned surfaces is an 
emerging technology that is well-positioned to revolutionize sub-10 nm 





Ion beam lithography 
Ion beam lithography uses a focused beam of ions to scan the sample in a 
desired pattern. It offers a potential way for higher resolution patterning than 
EUV and X-ray because of the high mass and high momentum. The higher 
momentum gives rise to a smaller wavelength than EUV and X-rays and 
therefore much reduced diffraction. For example, the wavelength of a 10 keV 
proton is around 10
−3
 nm. All three ion beam techniques, Focused Ion Beam 
(FIB), Proton Beam Writing (PBW) and Ion Projection Lithography (IPL) can 
focus the beam down to 100 nm and are able to fabricate structures at the nano 
scale [22].  
FIB utilizes a direct-write focused beam of slow heavy ions (e.g. 30 keV Ga
+ 
ions) to etch or machine surfaces of the materials. An ideal FIB sputters one 
atom layer without any disruption of the atoms in the next layer. FIB can also 
be used to deposit atoms to produce a topographically modified surface. One 
of the features of FIB is that, unlike other techniques, it is not limited to 
pattern resist materials. In a common FIB, the smallest beam spot size is a few 
nanometers and the smallest milled features are a slightly larger (10-15 nm) 
[23]. 





, etc) to expose resist materials through a stencil mask. 
The transmitted beam is projected and focused on the workspace surface by 
electrostatic lenses. The critical feature sizes of the printed patterns can reach 
the level of 50 nm in a single beam exposure [24]. One of the main issues of 
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IPL is that the ions impinge on the masks, which cause sheeting, scattering, 
and sputtering that distort the pattern and eventually ruin the mask. 
Proton beam writing (PBW) uses high energy (typical MeV) focused proton 
beam to direct write patterns into resists. Compared with FIB and IPL, it has 
the highest momentum and has the ability to fabricate high aspect ratio 
nanostructures. A drawback of PBW is that the facilities are too complex and 
no commercial instruments are available as yet. Further, because of its high 
energy and high momentum, it is difficult to focus the particles down to sub-
100 nm dimensions.  
 
1.2 Physical properties of proton beam writing 
The rapid development in nanotechnology coupled with the demand to 
fabricate 3D structures below the 100 nm level has promoted the development 
of new lithographic techniques. Proton beam writing, as one promising 
technique, uses high energy proton beam to fabricate structures in polymers, 
like PMMA and SU-8, and sometimes also on silicon. 
When MeV protons are impinged on materials, the trajectory of the protons 
depends on the interactions with both the atomic electrons and nuclei. For a 
high energy proton, almost in the whole slowing-down process, the ion mainly 
interacts with the electrons. When the ion has been slowed down sufficiently, 
the collisions with nuclei (the nuclear stopping) become more and more 
probable. Therefore, nuclear collisions have little effect on the trajectories 
except at the end of the range. Because a proton is approximately 1800 times 
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more massive than an electron, proton-electron interactions do not result in 
any significant deviation in the trajectory of a proton from a straight line path. 
Further, due to the momentum mismatch, the energy transfer in every electron 
collision is very small and thousands of collisions will occur before it comes 
to rest.  
In proton beam writing, protons induce secondary electrons which can cause 
bond scissioning in positive resists such as PMMA, or cross-linking in 
negative resists such as HSQ. For positive resists the exposed regions are then 
removed by chemical development to produce patterns while for negative 
resists the development process removes the unexposed area, leaving the 
cross-linked structures behind. These secondary electrons are also referred as 
photoelectrons and δ-rays. During the exposure process, these δ-rays tend to 
delocalize the spatial energy concentration by propagating away from the 
intended direction of propagation of the primary ions which results unwanted 
exposure area (proximity effect) in the resist and increase the pattern size. 
Monte Carlo calculations (Figure 1.1) for electron (left) and proton (right) 
induced secondary electron energy deposition indicate that PBW is over e-
beam writing with respect to proximity effects.  From this figure, we can see 
that in proton beam writing the energy lateral spread of secondary electron 
with proton beam trajectory for the first 1 µm penetration in the resist is much 





Figure 1.1: Simulations of the secondary electron energy deposition when 100 
keV electrons (left) and 1 MeV protons (right) impinge on 1 µm thick PMMA. 
Image is taken from [25]. 
 
The interaction between protons and materials can be summarized as follows:  
 
(I) Protons have a large penetration depth and travel in an almost straight path 
except at the end of the range (where nuclear collisions become more 
prominent). 
(II) The energy deposition is almost constant as the protons penetrate the 
material. 
(III) The penetration depth is mainly dependent on the beam energy and can 
be varied by changing the beam energy.  
(IV) The proximity effect (lateral exposure) is minimal. 
(V) The dose required for exposure by PBW is around 80-100 times less than 
that required by e-beam writing [26, 27]. 
(VI) Nuclear damage caused by protons in materials is smaller compared with 
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heavy ions with the same energy. 
 
Because of these properties, proton beam writing has unique advantages 
compared with other lithography techniques. Figure 1.2 shows four types of 
lithography techniques. The differences of these four techniques are briefly 
discussed as follows. 
 
Figure 1.2: Comparison between PBW, FIB, e-beam writing, and EUV, X-
rays. The proton beam and e-beam images are simulated using SRIM and 
CASINO software packages, respectively. The EUV, X-rays image is 
simulated by GEANT4 [28]. Image is taken from [22] 
 
Focused ion beam (FIB): FIB uses finely focused heavy ion beam for 
sputtering or milling. Because of the high mass and low energy, the heavy ions 
only interact with the surface atoms of the material. The surface atoms are re-
arranged and lead to chemical changes as well as sputtering of atomic and 
molecular species from the surface. So FIB is mainly used to produce 




Electron beam lithography: The primary electrons in the incident beam lose 
energy upon entering a material through inelastic scattering or collisions with 
other electrons. Since the primary electrons and the induced secondary 
electrons have the same mass, this scattering leads to a significant energy loss 
of the primary electrons, which results in a large lateral exposure area from the 
straight path. Furthermore, the induced secondary electrons obtain high energy 
from the primary electrons and also limit the resolution in electron beam 
lithography. As an example (simulated by Casino [29]), 50 keV electrons 
penetrate up to a depth of 40 µm in PMMA with a 20 µm spread in the beam. 
Therefore high resolution e-beam writing can only be realized in very thin 
resist layers. 
 
EUV and X-rays: EUV and X-rays have a shorter wavelength and higher 
energy than ultraviolet. In comparison to FIB lithography, UV lithography and 
e-beam lithography, EUV and X-rays have the unique property that in their 
interaction with the material of the mask or the substrate, scattering is 
negligible.  They can penetrate materials deeply and scattering is negligible. 
However the energy depostion decreases exponentially with depth, So the 
exposure time does increaseexponentially with the thickness of the sample. 
Furthermore, it is a mask technique and EUV requires special resists. 
 
Proton beam writing: A proton beam can penetrate material very deeply and 
straight. The trajectories can be simulated by means of Monte Carlo 
calculations (for example SRIM [30]). As an example, for 2 MeV protons, the 
penetration depth in PMMA is about 60 µm, with a 2 µm lateral broadening of 
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the beam at the end of range. However, the beam broadening is only 3 nm at 
1µm depth in the PMMA and 30 nm at 5µm. So beam spread for high energy 




 generation proton beam writing system in 
CIBA 
Now, there are two proton beam writing systems in CIBA. The 1
st 
generation 
proton beam writing has an Oxford triplet lens configuration and can focus 
beam down to 35 × 75 nm
2 
[31]. Compared with the 1
st
 generation proton 
beam writing line, the 2
nd 
generation proton beam writing line is designed to 
reach even smaller beam spot size (sub-10 nm). Figure 1.3 shows the layout of 
the accelerator facility at CIBA while figure 1.4 shows the 2
nd
 generation 
proton beam writing system (II). Following are further descriptions of the 
proton beam writing facilities. 
Singletron Accelerator 
The beam is provided by a 3.5 MV Singletron accelerator from High Voltage 
Engineering Europa (HVEE) [32]. Compared with a belt-driven Van de Graaff 
accelerator, the singletron accelerator has very high energy stability and high 
beam brightness, which is crucial for achieving a smaller beam sport size as 
well as fabricating smooth structures. Besides protons, the source bottle is also 








Figure 1.3: The CIBA accelerator setup and beam lines. (I) The 1
st
 generation 
proton beam writing (II) The 2
nd
 generation (high resolution) proton beam 
writing (III) Cell and tissue imaging beam line (fluorescence imaging) (IV) 







Figure 1.4: The 2
nd 
generation proton beam writing line end station. 
 (I) Electrostatic scanner (II) Four quadrupole lenses (III) Pin diode (IV) PI 





Magnetic quadrupole lenses 
Because of the high energy and high ion momentum of protons, cylindrically-
symmetric electrostatic lenses and magnetic solenoid lenses cannot be used for 
proton beam focusing. Magnetic quadrupole lenses [33], which have much 
stronger focusing action because their magnetic field lines are perpendicular to 
the ion trajectories, are thus used in the proton beam writing system. The 
quadrupole lens system forms a demagnified image of a small object aperture 
in the chamber. In addition, another two sets of slits located in front of the lens 
system can control the angular divergence of the beam in the X and Y planes 
respectively. The quadruple lens system in the 2
nd 
generation beam line consist 
four OM52 magnetic quadrupole lenses from Oxford Microbeams instead of 
three quadrupole lenses compared with the first generation proton beam 
writing [34]. In this case, it has a flexible lens configuration and can give 
different demagnifications. More details about the lens system will be 
presented in chapter 2. 
Scanner 
The scanner is placed just in front of the quadrupole lenses to deflect the 
proton beam. In the 1
st
 generation proton beam writing system, magnetic field 
is used to scan the beam. Due to the issue of hysteresis in the magnetic scan 
coils, there is a maximum scan speed limitation when the beam is scanned 
over a sample. In the 2
nd
 generation proton beam writing system, an 
electrostatic scanner is employed, which improves the scan speed by two 
orders of magnitude. The scanner consists of two orthogonal pairs of parallel 
metal plates with respect to x and y directions. The electrostatic scanning 
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requires high voltages and high (+/-4 kV Trek, 609E6) or low voltage (+/- 220 
V Techron) amplifiers are used to appropriately amplify the outputs from the 
NIPXI 6259 card. 
Blanking 
In proton beam writing, to expose arbitrary patterns, it is necessary to switch 
the beam off and on. So a strong electrostatic field is created between a set of 
vertical parallel copper plates positioned in front of the switching magnet. The 
electric field deflects the proton beam in the X direction out of the optic beam 
path. The blanking system uses a 5 V analog output from a NI PXI 6259 card 
to power a +/-180 V HV supplied by a Fisher amplifier. 
End-station 
The proton beam writing end station consists of a custom made cubic chamber 
resting on an optical table to minimize vibration and noise. In the chamber, the 
PI XYZ stage can displace the sample with a maximum distance of 20 mm in 
all directions with a spatial resolution of 4 nm closed loop resolution in X and 
Y. In order to reduce the height difference error between the imaging plane 
and sample plane, a displacement sensor is installed which has a 1µm 
resolution in Z. The sample holder on the stage allows a maximum of 20 mm 
× 20 mm sample to be loaded. A high sensitive CCD camera is installed at the 
back side of the chamber in order to view transparent samples. A pin diode is 
mounted on a movable arm to collect the forward scattered or transmitted 
protons to form a scanning transmission ion microscopy (STIM) image and an 




1.4 Applications of proton beam writing 
Like other lithography techniques, proton beam writing has many applications, 
like stamp fabrication for nanoimprinting, nanofluidics and photonics. The 
main advantage of PBW is its ability to produce proximity free (negligible 
lateral spread) and high aspect ratio 3D nanostructures. Discussed below are 
some application areas that are currently being studied. 
Biochips 
In the last decades, the demand to reduce the volume of sample and reagent 
used in chemical experiments, biological analysis and medical inspections has 
increased significantly due to the problems associated with waste production, 
analysis time and costs. Biochip systems (e.g. micro/nano fluidics, lab-on-a-
chip devices, optofluidic devices) have the functionalities of an entire 
laboratory and are capable of satisfying this demand. PBW has the ability to 
write details down to sub-100 nm in resist materials with smooth sidewalls, 
making it as a powerful tool to fabricate biochips devices. For example, PBW, 
combining with PDMS, can mass produce lab on a chip devices with features 
size down to 60 nm [35]. These devices can be used for DNA analysis, 
genome mapping [36] and DNA sorting [36]. 
 
Photonics 
Proton beam writing also can be used to fabricate micro- or nano photonic 
devices, such as buried waveguides, micro lens arrays, diffraction gratings, 
micro Fresnel lenses, active waveguides and interferometers. For example, 
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when a proton beam slows down in the form of collisions with target electrons 
in resist materials (like PMMA) [37], the ions lose their energy almost 
constantly with depth but rapidly near the end of the range. The larger energy 
deposition at the end of the range increases the refractive index and that effect 
can be used for light guiding. One of the biggest advantages of this technique 
over the other techniques is that the waveguides can be easily fabricated at a 
controllable depth by simply selecting the incident ion energy, since the ions 
have a well-defined path and range in the material. Another way to fabricate 
buried waveguides is to coat a lower refractive index layer on a high refractive 
index patterned layer by PBW, because of the smooth sidewalls and low edge 
roughness of the proton beam written structures, such waveguides exhibit low 
transmission loss [38]. 
 
Silicon machining 
Proton beams may also be used to produce high aspect ratio, multilevel 
microstructures in Si by using the ability of protons to modify the local 
properties of Si [39]. As a proton beam penetrates silicon, protons interact 
with the nucleus of silicon. This interaction process damages the silicon 
crystal and produces additional defects. By irradiating the silicon sample at 
different doses at different positions, patterns of localized damage can be 
formed. Then the radiated silicon wafer is electrochemically etched in a dilute 
solution of HF. For a high dose, the irradiated regions completely inhibit the 
formation of porous silicon and remain as silicon. For a moderate dose, only 
near the end of the penetration range with high fluence inhibits the porous 
silicon formation process, so a layer of porous silicon is produced above this 
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region. Then the sample is immersed in KOH to remove porous Si and a 
patterned structure is left on the wafer surface. By changing the proton energy, 
localized defects with different depths can be created, which enables the 




Although PBW has been demonstrated as single step 3D direct write technique 
with sub-20 nm resist features [39] and less than 4 nm sidewall roughness [40], 
it is slow and insufficient for mass production compared with masked 
lithography techniques. Nanoimprint lithography (NIL), as one of masked 
lithography techniques, has several key advantages such as sub-10 nm high 
resolution over large areas with low cost and high throughput. Proton beam 
writing, combined with electroplating, is a powerful tool to fabricate high 
quality 3D Ni stamps for nano-imprinting. High resolution nickel nanostamps 
with 3D high quality structures featuring 2 µm high, 100 nm wide 3D patterns 
with precise geometry have been fabricated. By carefully controlling the 
replication process, the imprinted structure also exhibits vertical straight 
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2.1 Brief description of magnetic quadrupole lens 
Magnetic quadrupole lenses are strong focusing lenses and used on the high 
energy accelerators. This lens is different from cylindrical lens because the 
magnetic field lines are at right angles to the direction of the ion motion. The 
magnetic field force on the particle can be expressed as  
BF Bqv ,
 (2.1) 
Where B is the magnetic strength, v is the particle's velocity, and q is the 
charge number. Figure 2.1a shows the cross section of a typical quadrupole 
magnetic lens with its associated field lines. Ideally, the surfaces of the poles 
should be rectangular hyperbolas which have an angle of 45 degree to the X 
and Y axes. By simple mathematics it can be shown that the magnitude of 
both field components is proportional to the distance from the axis and so they 
produce "good" focusing.  
The strength of the quadrupole field varies leading to a variation in the 
magnitude of the Lorentz force. When a charged particle passes through the 
lens, as shown in the figure 2.1b, the forces on a positive charged particle 
passing into the paper at position 1 and 2 are in the direction towards the 
central axis, so there is a converging or focusing action. On the contrary, the 
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forces at position 3 and 4 move the charged particles away from the central 
axis, so there is a diverging or defocusing action. Further, if the magnetic 
polarities are reversed, the north poles become south and vice versa. The signs 
of all the forces on the ions are also reversed and this new lens would have 
defocusing in the vertical plane and focusing in the horizontal plane. That is to 
say, the lens can only focus the particles in one direction and defocus in the 
perpendicular direction. Now, it is easy to see that one quadrupole lens is not 
sufficient to focus the particles in both directions. Therefore a focusing system 
requires a minimum of two lenses with different polarity to focus an ion beam 
down to a small spot. 
 
Figure 2. 1a:  Cross section of a typical quadrupole lens showing the 
associated field lines. Figure 2.1b: The action of the quadrupole field on a 
charged particle which transmits into the paper. The arrows represent the 
direction of the magnetic field force. Images are takes from [1] 
 
Magnetic field 
The strength of the magnetic field in the x direction is proportional to the 
distance from the central axis in the y direction and the magnetic field strength 
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in the y direction is proportional to the distance from the axis in the x direction. 

















  (2.3) 
where 
0r is radial distance from the axis, along a radial through the centre of a 
pole tip, nI is the total ampere-turns per pole and 0  is the magnetic 
permeability constant.  
From the two dimensional Laplace equation for a quadrupole with perfect 
symmetry and no variation of field with length, the magnetic scalar potential 
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Where r  and  are the radial distance and the angle in a polar coordinate 
system. Due to the imperfections of mechanical alignment and assembly of the 
lens, there will necessarily be some variation compared to pure four folds 
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For the general coefficient
mnk , n is the multipole index such that n=2 
represents a quadrupole, n=3(sextupole), n=4(octupole), etc, m refers to a 
boundary condition  
 ( , ) ( , )r r
m

        (2.7) 
in the solution of Laplace’s equation. r is the radial distance and mn is the 
rotational phase difference of the contaminant fields. More details can be 
found in [1]. 
 
Multi lens system 
We saw that in order to focus a charged particle beam, at least two quadrupole 
lenses of opposite polarity must be used. In practice, combinations of two, 
three or four or even more lenses are used to form a demagnified image of a 
small object aperture on the focal plane. In this case, a common theoretical 
method is needed to assess the suitability of quadrupole lens system. Further, 
this system may not behave as predicted by simple theory because of 
unexpected higher-order or parasitic aberrations which may become 
significant. Here a set of Cartesian coordinates with the origin at the object 
slits is taken while the positive z-axis coinciding with the beam and the x-axis 
is taken to be horizontal. Now, the coordinates of particles emerging from an 
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optical system may be expressed in terms of the entrance coordinates as a 
polynomial series whose coefficients are the aberration coefficient, so that  
0 1 0 2 0 3 0 1 2 3
( , , , , , )x o o o o
j k l
n
X F x y p




       
 (2.8) 
Where ox and oy  are the coordinates of a particle in the object plane, X is the 
coordinates of a particle in the imaging plane, o  and o are instantaneous 
slopes of the path of the particle projected onto the XZ- and YZ-planes 
respectively, the suffix denotes object coordinates, δ is the fractional 
momentum shift from the mean n and p represents parameters such as lens 
power supply stability or quadrupole misalignment and νn represents a system 
variable. 
In these equations, The A are aberration coefficients. The order of a 
coefficient is given by the sum of the powers of the variables in that term of 
the expansion. The coefficients A can be written in the form of 
 
1 2 3
j k ly v v v     (2.9) 
Where variable y is the dependent variable and the expression on the right 
hand side is the combination of independent variables to which the coefficient 
relates. 
Table 1.1 shows some of the dominant aberration coefficient which have been 
found to affect the performance of ion probe systems. This table does not 
include aberration effects due to harmonic contamination of the quadrupoles 




Table 2.1: The dominant aberrations of quadrupole probe-forming system. 
Image is taken form [1] 
 
Important Coefficients 
Demagnification: the magnification and demagnification of a lens system, 
























It is worth to highlight that the absolute demagnification values should be 
large so that a greatly demagnified image of the object collimator can be 
focused on the target plane when the aberrations are not dominant.   
Focal lengths: Focal length is the distance between the last lens and the image 















In order to focus the beam on the imaging plane, fx = fy. 
Astigmatism: The distance from the point at which the transfer matrix is 
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For a correctly focused image system, the 01c  10c =0. 
Chromatic aberration is an intrinsic aberration that arises due to fluctuations 
of the beam energy and the divergence of the beam before focusing. 
Considering the beam energy stability and the small opening of the object and 
collimator slits, these terms have little effects on the beam spot size.  
Parasitic aberration: It can be cause by many factors like quadrupole lenses 
misalignment, power supplies stability and mechanical vibrations. 
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Spherical aberration:  The lenses are not perfectly made, which results in an 
imperfection of the produced image. 
Lens configuration 
Since there seems to be no obvious reason at this stage to consider any system 
using more than four quadrupole lenses [2-4], only doublets, triplets and 
quadrupolets have been considered. In order to make this system simple, it is 
assumed that the excitations of the lenses are coupled so that there are only 
two independent excitation parameters. The adjustment of the magnet field is 
done by changing two current settings. It should be noted that only the 
magnitudes of the excitations are equal: coupled lenses may still be of 
opposite polarity.  A quadrupole is described as converging (C) if a positive 
particle moving in the xz-plane is deflected toward the central axis and 
diverging (D) if the particle is deflected away from the central axis in the xz-
plane. Figure 2.2 shows the major quadrupole lens configurations [1]. 
 
Figure 2.2: Major quadrupole lens configurations 
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A doublet is the simplest system, but it only has high demagnification in one 
direction and not suitable for achieving a nano beam in two directions. A 
triplet has higher demagnification in both directions and the asymmetry is 
much less than a doublet. So it has the ability to achieve a nano beam under 
the condition of a high brightness and stable beam. A spaced triplet, which has 
an even high demagnification compared with normal coupled lens 
configuration and is often used in nano beam systems. However, higher 
demagnification leads to higher chromatic and spherical aberration. Only 
when the aberrations do not dominate the resolution limits of the beam, we can 
achieve a smaller beam spots. Moreover, the beam divergence has an 
important effect on the spherical aberrations. So a set of collimator slits are 
positioned before the lens system to redefine the divergence angle of the beam. 
A quadruplet produces equal demagnifications but has the relatively low 
demagnification. By increasing the spacing between the second lens and the 
third lens, the system gives a higher demagnification. However, the excitation, 
rotation, and translation aberrations are also increased. In this case, the beam 
spot is more sensitive to the aberrations. More details of the spaced triplet and 




 generation PBW line lens configuration 
The 2
nd
 generation proton beam writing line was built based on the 1
st
 
generation PBW line [5]. Figure 2.3 shows the schematic of the focusing 
system. Coming from left, the lenses are labeled as Q1, Q2, Q3 and Q4 
respectively. Compared with the 1
st
 generation proton beam writing, this new 
33 
 
system uses four magnetic quadrupole lenses which can be easily repositioned 
to test different lens configurations. Currently, the system is operated in a 
spaced triplet configuration (using Q1, Q3 and Q4). Each lens is 55 mm wide, 
the spacing between Q1 and Q3 is 185 mm and the distance between Q3 and 
Q4 is 25 mm. The distance between object slits and the first lens is 7.48 m. In 
order to get higher demagnification, the working distance is set at only 30 mm, 
which gives a system demagnification of 857 × (-130)  in X and Y 
respectively [6]. The positive demagnification in X means the beam crosses 
the axis X. The negative demagnification in Y direction means there is no 




Figure 2.3: Schematic of proton beam focusing system. From left to right, the 









Object Distance 7.48 m 
Lens Bore radius 3.75 mm 
Lens Length 55 mm 
Spacing 
18.5 cm (Q1,Q3) 
2.5 cm (Q3,Q4) 
Image distance 30 mm 
Demagnification 857 × (-130) 
 
Table 2.2: The parameters of the focusing system. 
 
Beam size simulation 
The beam size simulation is obtained by Particle Beam Optics Laboratory 3.0 
(PBO Lab). Initially, the proton beam has energy of 2 MeV with a stability of 
20 eV for six hours [7]. The divengence of the proton beam is 10
-5
 rad. The 
opening of the object slits is 8 × 4 μm2 and the opening of the collimator slits 
is 30 × 30 μm2. In order to focus the beam on the image plane, the magnetic 
fields at the pole tips of the quadrupole lenses are fitted and have values of 
2.275622 kG (Q1), -2.275622 kG (Q3) and 4.650687 kG (Q4) respectively. 
The negative value means the lens has a converging effect in y direction and 
diverging effect in x direction. These conditions are used in the following 
simulations for the spaced Oxford triplet configuration. Figure 2.4 shows the 
proton particles distribution in the imaging plane. The width of the beam 
envelope is about 9.5 nm × 31.8 nm, which is very close to the simple 
calculation result 9.3 nm (8000/857) × 30.8 nm (4000/130) (not taking any 
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aberration into account). Therefore, the aberrations of this system are at very 
low levels and have little effect on the beam resolution. 
 
Figure 2.4: Particle distributions in the imaging plane simulated by PBO Lab 
3.0. The opening of the object slits is 8 × 4 μm2 and the opening of the 
collimator slits is 30 × 30 μm2. The width of the beam envelope is about 9.5 
nm × 31.8 nm. 
 
Energy stability 
The stability of the beam energy is very important for maintaining the same 
beam size for a long time. Within few hours’ operation, the 3.5 MV high 
energy Singletron accelerator in CIBA has a beam energy stability of about 20 
eV [7]. Here we simulate the width of the beam envelope in the image plane as 
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a function of beam energy stability (Figure 2.5). The other simulation 
conditions are the same as the conditions of the beam size simulation in figure 
2.4 except the beam energy stability. The beam width simulated has an error 
of about 0.2 nm. The result shows that if the beam energy stability is not more 
than 20 eV, the energy fluctuation almost has no effect on the width of the 
beam envelope. Further, even the fluctuation is about 200 eV, the beam size 
fluctuation is very small. 
 
Figure 2.5: The width of beam envelope as a function of the beam energy 
stability 
 
Lens power supply stability 
It is also important in any ion probe system for the quadrupole lens to have 
sufficient stability in excitation so as not to affect the minimum attainable spot 
size. Since the current of the lens power supply is proportional to the magnetic 
field at the pole tips. The stability of the lens power supply therefore 
represents by the stability of the excitation. Therefore, in this simulation, the 
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magnetic field at the pole tips is varied. Figure 2.6 shows the width of beam 
envelope as a function of the lens power supply stability. For the quadrupole 
lenses (Q1,Q3), even if the stability of the power supply is  as big as  20 × 10
-6
, 
the width of beam envelope is almost the same in x direction and only 5 nm 
larger in Y direction . Similarly, for the quadrupole lenses (Q4), when the 
stability of the power supply is increased from 0 to 20 × 10
-6
, the width of 
beam envelope in Y direction just has a very small change. However, the 
width of the beam envelope in X direction is increased from 9.5 nm to 12.0 
nm. Therefore the beam size in X direction is more sensitive to the current 
variations in the quadrupole lens Q4 while the beam size Y is more sensitive 
to the current variations in the quadrupole lens Q1 (and Q3) when the system 
closes to optimum currents. In order to control the variations less than 1 nm, a 
power supply with a stability of not more than 5 × 10
-6




Figure 2.6: The width of beam envelope as a function of the lens power supply 
stability for triplet lens configuration 
 
Beam in sample plane 
In most ion beam microprobe, there is a height mismatch between the imaging 
plane and the sample surface plane, which leads to a defocused beam in the 
sample plane. Figure 2.7 shows the influence of the distance between sample 
plane and focal plane on the width of beam envelope. Since the system has a 
very large demagnification in xz plane, the divergence angle in x direction 
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after lens system becomes very big compared with the divergence angle in y 
direction. The beam size in x direction increases dramatically with the distance 
while in y direction there is little change in width. From figure 2.7, we can see 
the width of beam envelop in x direction changes from 9.5 nm to 18.4 nm 
while in y direction there is only a very small change from 31.8 nm to 32.3 nm 
when the distance is 5 µm. To alleviate the effect in x direction, the 
divergence angle in x direction should be reduced. Therefore, small opening of 
the collimator slits is helpful but at the same time the beam current becomes 
lower. 
 
Figure 2.7: The width of beam envelope as a function of distance between 
sample plane and focal plane 
 
Russian lens configuration (quadruplet) 
The 2
nd
 generation proton beam writing system not only supports the spaced 
triple oxford lens configuration but also supports Russian quadruplet lens 
configuration (Figure 2.2). The advantage of the quadruplet is that the x and y 
directions have the same demagnifications, which provides a potential to focus 
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the beam to sub-20 nm in both x and y directions. To achieve higher 
demagnification, the distance between Q 2 and Q3 is set at 300 mm. The 
spacing between lenses Q1 (3) and Q2 (4) is still set at 25 mm. The lenses Q1 
and Q4 are coupled as well as the lenses Q2 and Q3. The other parameters of 
the lens system are kept the same in the simulation as in the triplet lens 
configuration. In this case, the system has a demagnification of 375 × 375 in x 
and y respectively. The opening of the object apertures and collimator 
apertures is set at 4 µm × 4 µm and 30 µm × 30 µm respectively. This gives a 
beam width of 10.8 nm × 10.8 nm. Figure 2.8 shows the width of the beam 
envelope as a function of the stability of lens power supply. Compared with 
figure 2.6, we find that the width of beam envelope in x direction is much 
more sensitive to the stability of the lens power supply for Q2 and Q3. Even if 
the lens power supply has stability as small as 2 × 10
-6
, the beam width is 
increased from 10.8 nm to 12.6 nm while the value in the triplet remains the 
same. So this quadrupole lens configuration has a very high requirement for 




Figure 2.8: The width of beam envelope as a function of the lens power supply 
stability for quadruplet lens configuration 
 
2.3 Other limitations to beam resolution 
Besides intrinsic and parasitic aberrations of the lenses, accelerator voltage 
fluctuations and lens power supply stability, there are other limitations like 
low beam brightness, slits scattering, external magnetic field, unstable air 
pressure and mechanical vibrations which can also degrade the beam 
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resolution. In this section, factors which may limit the resolution of the 2
nd
 
generation PBW system will be discussed. 
Slits scattering 
In proton beam writing, two sets of slits are used to define the location and 
direction of the proton beam: object slits and collimator slits. The beam from 
the accelerator is first defined by the object slits and then demagnified onto the 
target plane using the quadrupole lens system. The collimator slits can reduces 
non-paraxial projectiles and aberrations of the focusing lens. To achieve sub-
20 nm beam spot size, the opening of these slits is very small. Many ions are 
scattered from the edge of the slits with slightly lower energy. Some of these 
ions have a very small scattering angle and can be transmitted along the beam 
line, which degrade the beam resolution. Another issue about the slits is beam 
induced heating problem [8], which results in more slits scattering and slits 
damage [10]. The cylindrical slit geometry is a more promising shape to 
reduce the scattering. The cylinder can also extend the life time of slits 
because when one part of the cylinder is damaged, it can be rotated to a new 
surface and reused. Cylindrically strained electroplated Ni surfaces with a 
bending radius of 50 mm have been tested as slit edges. Although this type of 
slits have the ability to achieve beam spot sizes down to 20 nm [9], high 






Thermal drift and expansion 
During proton beam writing, the magnetic quadrupole lenses gradually heat up 
which causes a long term drift. This beam drift degrades the beam resolution 
especially in y direction. Therefore the beam needs to be refocused from time 
to time. To avoid or reduce this movement, before proton beam focusing, the 
power supplies of the magnetic quadrupole lenses should be powered on 
several hours beforehand. When the temperatures of the lenses are stable, we 
can start to focus the beam. But for 2 MeV H2
+
, the system requires a large 
magnetic field to focus the beam. This large magnetic field corresponds to a 
lens current of about 80 A, which may damage the quadrupole lenses via 
thermal effect. Furthermore, because of the short distance between the lens 
system and the end station, the lenses can produce sufficient radiated heat 
which causes the sample stage to expand by micrometers. A temperature-
controlled environment and a fan directing air toward the lenses help to 
alleviate this problem. Currently, a vortex fan is used in the 2
nd 
generation 
proton beam writing system to stabilize the lens temperature within ± 0.1 °C.  
Beam brightness 
The effect on the spot size of both intrinsic and parasitic aberration can be 
minimized by reducing the entrance divergence of the proton beam. An 
obvious limit to minimum spot size achieved using this method is the amount 
of useful beam that can be focused down. So a high brightness beam is helpful 
to reduce the opening of the slits, which may further focus down the proton 
beam. However, until now, our RF ion source is based on a 60 year old design 
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and has an exit canal of 2 mm diameter. We are currently developing a new 
system which has a brightness of 3–6 orders of magnitude [11]. 
 
Summary 
The magnetic quadrupole lens has very strong focusing action and is used in 
high energy proton beam focusing. Since one lens is not sufficient to focus the 
beam in both directions, at least two lenses are required. Considering the 
demagnification asymmetry, triplet and quadruplet lens configurations are 
more often used to achieve nano size beam spot. In the 2
nd
 generation proton 
beam writing line, until now, the system is operated in a spaced Oxford triplet 
configuration, which has a demagnification of 857 × (-130). According to 
simulations, with object slits openings of 8 µm × 4 µm and collimator slits 
openings of 30 µm × 30 µm, a beam spot size of 9.5 nm × 31.8 nm can be 
achieved in the focal plane. This beam spot is very close to simple calculation 
result, which means the system aberrations are at very low levels. For triplet 
configuration, the system doesn’t have very high requirements for the beam 
energy stability and the lens power supplies stability. On the contrary, for 
quadruplet lens configuration, the beam size is much more sensitive to the 
stability of the lenses power supplies. A stability of 2 ppm is preferred to 
achieve sub-20 nm beam spot size. However, the quadruplet lens configuration 
has not been tested in the 2
nd
 generation PBW system. Because this simulation 
doesn’t consider some parasitic aberrations like lens misalignment, slits 
scattering, and harmonic contamination. The quadruplet just has a potential to 
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Chapter 3 Imaging and beam size 
measurement 
 
3.1 De-convolution of beam FWHM 
The beam widths are normally gauged by observing a line scan resulting from 
the beam being scanned over a sharp edge.  The sharp edge gives  rise  to  a  
detectable  signal  depending  on the  extent  to  which  the  beam  interacts  
with  the edge.  The  beam  is  scanned  in  both  the  horizontal  and the  
vertical  directions  so  that two  beam profiles in x and y are obtained.  The  
corresponding  detected  signal  contains the  required  information  about  the  
beam  profile. Assuming the ion beam has a Gaussian distribution, the beam 












   (3.1) 
Where a is a real constant related with the yield, the parameter X0 is 
the mean or center of the distribution and the parameter σ is its standard 
deviation. The full width at half maximum (FWHM) f is related to parameter σ. 
According to the formula 
 2 2ln 2f   (3.2) 
ion beam distribution can be rewritten as 
 202
2 ln 2 ln16
( ) exp[ ( ) ]
a
f x x X
f f
    (3.3) 
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The sharp edge can be represented by a step function. Let the sample edge be 
at x = b so that the step function may be expressed as: 
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Notice that maxY a  and 
 
max( , , ) (1 ( ln 2) 0.88 0.88
2 2
f a
Y a b b erf a Y      (3.6) 
 
max( , , ) (1 ( ln 2) 0.12 0.12
2 2
f a
Y a b b erf a Y      (3.7) 
we can gauge the value of FWHM (f) by measuring the distance between the 
points where the line scan intensity is 88% and 12% of the maximum. 
Electron emission edge enhancement 
Specifically for electron detection, the phenomenon of edge enhancement 
affects the detected output. As the ion beam interacts with the edge of the grid, 
electrons can also be emitted from the inclined plane of the edge. Therefore, 
the total surface area allowing electrons to be emitted is increased. So when 
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the beam grazes the edge, more electrons are expected to be detected [1]. For a 
perfect vertical sidewall, the additional yield due to edge enhancement has a 
Gaussian shape with the same width as the incoming Gaussian beam. Thus, 




( ) exp[ ( ) ]edge edgeH X H b X
f
    (3.8) 
where 
edgeH is a constant. So the total yield as a function of beam position X0 
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3.2 Fabrication of resolution standard 
The focusing of a beam down to a small spot depends on the quality of the 
resolution standard used. A good resolution grid must possess perfectly sharp 
edges with a high degree of side wall verticality. Initially, commercial 
resolution standards were used in PBW experiments to focus the proton beam 
to sub-micron region [2]. At the point that sub-100 nm beam focusing had 
become possible, these commercial resolution standards with improper edge 
became futile. Thus, resolution standards with better smooth and vertical 
sidewalls need to be fabricated, so as to be used in the sub-100 nm beam 
focusing experiments. PBW has demonstrated high aspect ratio 3D 
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micro/nano-structure fabrication with precise edges, smooth and straight 
sidewalls due to its reduced proximity effects. Recently, 2 µm thick free 
standing Ni resolution standards with superior characteristics, fabricated using 
PBW technique, were found to be more useful than the old grids for focusing 
to sub-30 nm beam spot sizes. These were reported to have smooth and 
straight sidewalls, with a sidewall verticality of 89.4º and an average sidewall 
projection of around 14 nm [3]. Presently, with the 2
nd
 generation PBW 
facility, it is possible to obtain sub-20 nm beam spot sizes for PBW 
experiments [4]. Since reaching sub-20 nm beam spot sizes, these resolution 
standards have become inaccurate in determining the lower limit of proton 
beam focusing, a free-standing Ni resolution standard with high degree of 
orthogonality, smoothness, and reduced sidewall projection is fabricated using 
the 2
nd
 generation PBW system.  
The fabrication of this free-standing resolution standard has multiple steps: (1) 
preparation of a PMMA layer, (2) PBW and Ni electroplating for fine grid, (3) 
preparation of 20 m thick support grid and (4) releasing the free-standing 
resolution standard from the substrate. These steps are explained schematically 
in figure 3.1 and are also briefly described; 
Step (1): Preparation of the PMMA layer: A silicon wafer was first sputtered 
with a thin layer of Cr (10 nm), Au (100 nm) and Cu (50 nm). The Cr 
layer was added to enhance the adhesion of the Au layer to the Si 
substrate. The Au and Cu layers have good conductivity and act as 
seed layers for the electroplating. The Cu layer can also be easily 
etched without damaging the later electroplated Ni layer. Then, a 2 
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µm PMMA (A11 from Microchem) layer was spin coated on the 
sample. 
Step (2): PBW and Ni electroplating for fine grid: A 2 MeV proton beam with 
a beam spot size of about 400 × 400 nm
2
 was used in this PBW 
experiment. A fine grid (total area of 300 × 300 µm
2
) was written on 
PMMA by exposing the proton beam through stage plus beam 
scanning method (stage scanning velocity: 2µm/s, beam scan width 5 
µm). After exposing the sample with a fluence of ~200 nC/mm
2
, the 
sample was developed using Isopropyl alcohol and DI water (7:3 by 
volume) for 2.5 minutes followed by a DI water rinse. Then, a 500 
nm Ni layer was electroplated and the residual PMMA was then 
removed by toluene at a temperature of 45 ºC for 90 minutes. 
Step (3): Preparation of 20 m thick support grid: A 30 µm thick AR-p 3210 
(Allresist GmbH) layer was spin coated on the sample and UV 
lithography (365 nm) through a Cr mask was used to create 250 × 
250 µm
2
 squares well aligned with the plated fine Ni grid. The AR-p 
was then developed by AR 300-26. Subsequently, a 20 µm Ni layer 
was electroplated and the residual AR-p was removed. 
Step (4): Releasing free-standing resolution standard:  The Cu sacrificial 
layer was etched in a sodium persulfate solution at 45 ºC. After about 
20 minutes, the free standing resolution standard was released and 





Figure 3.1: Schematic representation of free-standing Ni grid fabrication 
processes 
 
Figure 3.2 shows optical micrographs (figure a and b) and secondary electron 
microscopy (SEM) images (figure c and d) of the new free-standing resolution 
standard from the front side, which was originally attached to the Cu layer. 
From these images it is evident that the vertical and horizontal Ni grids are 
highly orthogonal (90.0 ± 0.1º) to each other. On analysing multiple SEM 
images (including figure d), the free-standing resolution standardis generally 
found to have smooth surfaces. Furthermore, from the SEM image it has been 
confirmed that the grid is about 500 nm thick with a side wall slope projection 
of less than 6 nm or a side wall slope of 89.8º, which closely matches the 




Figure 3.2: (a and b) Optical micrographs and (c and d) SEM images of the 
final free-standing Ni resolution standard grid 
 
3.3 Ion and electron detection 
When a proton beam is scanned over the sharp edge, the generation of signal 
is a consequence of the ion’s interaction with the resolution standard. The 
possible interaction phenomena have varying magnitudes of signal generation 
cross sections that affect the intensity of the signal extracted. Compared with 
either RBS or PIXE, proton induced secondary electron emissions and 
scanning transmission ion microscopy (STIM) do not require prolonged 
exposure to the primary ion beam for the generation of a sufficiently strong 
signal. In the 2
nd
 generation PBW line, the beam diagnostics has been carried 
out through  ion  detection  method  using  both  on  and  off-axis  STIM  and 




3.3.1 STIM (ion detection) 
When high energy protons impinge on the resolution standard, besides 
electron-proton collision, another important collision is nuclear collision. 
Because of the Coulomb force, the incident ions will be scattered away from 
the original path. For high energy incident ions, the scattering angle is small 
and most of the scattered ions are forbidden in an almost straight path. A 
simulation example (SRIM) of 2 MeV H
+
 ions path through 500 nm (left) and 
10 µm (right) nickel samples is shown in figure 3.3 and the corresponding 
lateral spread for 90% of the beam is shown in figure 3.4.  
 
Figure 3.3: Simulations of 10000 H
+
 ions penetrating 500 nm and 10 µm thick 
nickel samples. The density of the nickel is set as 8.9 g·cm
−3
 
As we can see, since the beam energy is very high, the lateral spread is very 
small in 500 nm nickel layer and most of the ions have very small scattering 
angles and only have a spread of 4 nm (90% of the total protons). As the beam 
penetrates the sample further, the lateral spread becomes larger and larger and 




Figure 3.4: Simulations of lateral spread for 10000 H
+
 ions after penetrating 
500 nm and 10 µm thick nickel samples. 
 
A pin diode detector placed on or off axis with respect to the ion beam behind 
the sample, collects the incident ions to form scanning transmission ion 
microscopy image (STIM). In the case of off-axis STIM, the pin detector will 
only be able to detect ions that have been scattered away from the original 
path with a specify angle, thus only when the beam is incident upon the metal. 
If there is a hole, no ions will be scattered, thus nothing is detected. In the case 
of on-axis STIM, the pin diode collects the energy spectrum of the transmitted 
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ions, scattered ions and unblocked ions. Since unblocked ions have higher 
energy compared with the scattered or transmitted ions passing through the Ni 
grid, the unblocked ions image can be easy to get by discarding the lower 
energy ions. Off-axis STIM measures H
+
 after it has passed through metal and 
nothing when the beam passes through the holes in the grid. On-axis STIM 
only detects non scattered beam. Due to the large difference in detection yield, 
off-axis STIM is ideal for high current applications (where on-axis STIM 
would overload the detector), while on-axis STIM is ideal for low current 
applications (where off-axis STIM would result in too low count rate). 
 
3.3.2 Electron detection 
When a high energy ion beam is incident upon a material, proton induced the 
secondary electrons is an important phenomenon. During a proton-electron 
collision, the proton loses some of its initial energy and the secondary electron 
is released. Secondary electrons can travel a certain distance before they 
encounter another collision. Contrary to high energy ions, secondary electrons 
scatter significant off a wide variety of particles, including nuclei, free 
electrons, secondary electrons, phonons, and magnons.  
If an electron manages to reach the surface of the metal and still possesses 
enough energy to overcome the surface potential barrier it can escape and 
potentially be detected. This secondary electron typically has energies between 
2 and 10 eV [5]. As the emitted secondary electron is free to move in vacuum, 
it can be detected by an electron detector. 
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A channel electron multiplier (CEM) is a device used for detecting any 
charged particle or radiations capable of producing secondary electrons, such 
as electrons, ions, X-rays and ultra-violet photons. A schematic image of the 
CEM is shown in figure 3.5 [6]. It consists of a glass tube under vacuum. The 
inner surface of the tube is coated with a semi-insulating or resistive 
material.  The resistivity of the coating is very high so that a strong electric 
field can be generated between the electrodes. The length of the tube is much 
larger than the diameter, which has a ratio of about 50:1. A voltage is applied 
between the ends of the tube to produce a fairly uniform electric field. When 
electrons or other energetic particles strike the low voltage end of the channel, 
more secondary electrons are emitted. The produced secondary electrons are 
accelerated and strike the inner surface and release secondary electrons again. 
This process repeats many times and a huge number of electrons emerge from 





, depending on many parameters like applied voltage, the 
dimension of the multiplier and gas pressure. 
 
 
Figure 3.5: The diagram of a straight channel electron multiplier (Image is 




A microchannel plate detector (MCP) is an array of CEMs and contains 
millions of miniature electron multipliers, aligned parallel to each other. 
Figure 3.6 shows an optical microscope images of the MCP used in the 2
nd 
generation proton beam writing system. Channel diameters are typically 
around 10-100 µm, and have a length to diameter ratios between 40 and 100. 
Channel axes are typically normal to or biased at a small angle to the plate 
surface to guarantee the coming particles can hit the wall of the channel. The 
MCP used in the 2
nd
 PBW line has a Chevron configuration, meaning that two 
arrays of detectors are placed in series.  The electrons exit the first plate and 
start the cascade in the next plate. The advantage of such a configuration is the 
higher output at a given voltage. Like single-channel electron detectors, MCP 
detectors can be used for detecting more than just electrons, for example high 
energy ions and gamma rays. 
 
Figure 3. 6: Optical microscope images of the MCP. The individual detection 
channels (10 µm in diameter) are spaced about 15 µm apart from center to 





A PIN diode detector (Make: Hamamatsu, Model: S1223), with an active 
detection area of 6.6 mm
2
, is positioned behind the sample on a linear 
translator. An annular MCP electron detector (Make: NVT, Model: 
NVT2C45/C4M10) [7] is installed in front of the sample at a distance of about 
8 mm. A schematic overview of the set-up is shown in figure 3.7. In the 1
st
 
generation PBW beam line, electron detection is carried out successfully using 
single channel electron multipliers (CEMs) [8]. The MCP detector has a 
higher yield compared to CEMs used by CIBA, due to the larger solid angle, 
resulting in a 3 fold increase in sensitivity compared to the 1
st
 generation PBW 
line. 
 
Figure 3.7: Schematic of 2
nd
 generation PBW end-station. An incident ion 
beam passes through a series of magnetic quadrupole lenses, focusing it in 
both transverse directions onto a resolution standard grid. The grid is placed in 
a holder on a movable stage. Secondary electrons and transmitted ions are 




3.4 Beam size measurement 
This newly fabricated free-standing resolution standard was used to focus a 2 
MeV H2
+
 ion beam. Initially the incoming ion beam passes through object slits 
of 6 × 2 μm2 opening, further collimated by aperture slits of 10 × 10 μm2. The 
ion beam is then focused onto the resolution standard by a set of magnetic 
quadrupole lenses (used in spaced triplet configuration) with a 
demagnification of 857 × 130. A count rate of about 20,000 protons per 
second has been recorded using on-axis STIM. 
The 2 MeV H2
+
 beam was focused using a combination of secondary electron 
detection, off- and on-axis STIM. The beam was scanned over the Ni 
resolution standard, consisting of a coarse and fine grid area. The beam had 
been focused down to a spot size of 14 × 39 nm
2 
at FWHM, as calculated from 
the beam profile acquired using on-axis STIM. After having been focused 
(initially using on-axis STIM), different detection methods were used to 
investigate the imaging quality of different signals, as shown in figure 3.8. 
These images were all recorded using same beam and were obtained from the 
same portion of the resolution standard grid, using a scan size of 2.72 µm and 
a scan digitization of 512 × 512 pixels. Figures 3.8b (on-axis STIM), 3.8c (off-
axis STIM) and 3.8d (MCP image) were recorded more than 30 minutes after 
recording the image of figure 3.8a (on-axis STIM). The shift in the image of 
the grids’ edge (between figure 3.8a and 3.8b) is presumably due to the 
thermal drift of the incoming ion beam induced by the thermal fluctuation of 
the quadrupole lens. The reduction in the count rate between the say STIM 
energy regions, observed through the on-axis STIM image, after a prolonged 
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beam exposure is caused by PIN diode detector damage. When doing beam 
profile measurements, the beam is scanned over a single line repeatedly as 
indicated in figures 3.8a & 3.8d, causing local detector damage at a much 
higher rate. For a typical PIN diode, the shift in energy due to damage occurs 
at a rate of 0.35 keV/100 ions/μm2 [9], in our case rendering the exposed area 
of the detector nonfunctional in a few hours. The observed reduction in the 
count rate, in our present experiment (between figure 3.8a and 3.8b), is a 
direct result of this energy shift, whereas the count rate of secondary electrons, 
measured by the MCP, remained constant throughout the full experimentation 
period. Moreover, the yield of secondary electrons, as recorded by the MCP 
detector, is about 1 electron per 3 protons, which is a drastic improvement 
over the 1/10 e/p in the 1
st
 generation PBW line. The fact that the MCP 
detector yield does not deteriorate during experiments makes electron 
detection a more suitable and reliable technique for longer measurements. In 
the case of PBW, the typical current required for lithography is about 1000 
times larger than what has been used in these focusing experiments, currents at 





Figure 3.8: Images of a 500 nm Ni grid obtained through off- and on-axis 
STIM measurements using a PIN diode detector (a, b and c), and MCP 
detector (d). 
 
Figure 3.9 shows the beam profile measurement carried out by repeatedly 
scanning over a single line in the x and y axis, over the edge of the grid (from 
the region as shown with a white marker line in figure 3.8a and 3.8d). The 
results have been fitted using a model for secondary electron scattering as 
described in equation 3.9. The term 
edgeH  has been set to zero for STIM 
measurements, and in MCP measurements where there was no visible edge 
enhancement. Using on-axis STIM and electron detection, a beam size of 14 x 
39 nm
2 
(Figure 3.9a and 3.9b) and 31 × 50 nm
2
 (Figure 3.9c and 3.9d), 
respectively, has been measured.  In the beam profile of the MCP image in the 
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x direction, edge enhancement is clearly visible. Edge enhancement occurs 
when the beam grazes across the slanted vertical side-wall of the grid, which 
increases the contact area of the beam with the grid significantly. Even for a 
perfectly straight and smooth side-wall, edge enhancement occurs as 
secondary electrons are emitted from the beam path as it passes parallel to the 
edge. Edge enhancement in the y direction is low enough to be ‘drowned out’ 
by the step function of direct surface emission. Edge enhancement 
theoretically is helpful as it increases yield, but becomes a burden if the 
sidewall is not perfectly straight. A resolution standard with high side-wall 
verticality is therefore vital for a more accurate determination of beam size 
using electron detection. Later experiments, in which similar procedures have 
been carried out using electron detection on a fresh spot on the Ni grid, have 
resulted in a beam focus of 17 × 34 nm
2
, as measured by the MCP, seen in 




Figure 3.9: Beam profiles using (a and b) on-axis STIM, and (c, d, e and f) ion 
induced secondary electron detection by MCP. 
 
Summary 
We have provided a way to fabricate high quality free standing Ni resolution 
standards featuring orthogonal, smooth grid bars and a side-wall slope 
projection of less than 6 nm. This resolution standard is ideal in determining 
the beam spot size for PBW. This grid can also be used  in  the  field  of  
masked  proton  lithography and  with  minor  adjustments  the fabrication  
procedure  can  be  used  to  fabricate  multi-level  molds  and  stamps. The 
beam characterization  through  the  MCP  detector  can  further  be  improved  
by  optimizing  the position and biasing of the MCP detector, thereby 
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increasing  the detector’s yield. These experiments would help in increasing 
the image resolution and decreasing acquisition time. 
 
An orthogonal free-standing grid with high side wall verticality has been made 
using improved fabrication techniques. The high degree of orthogonality 
enables focusing in the x-and y-direction independently.  The newly fabricated 
grid has been used successful in the process of focusing a 2 MeV H2
+
 beam. 
Owing to the high current densities the PIN diode suffers  damage  and  its  
performance  degrades  within  a  short  time  span.  Electron  detection (using  
MCP  detector)  is  an  attractive  alternative  to  surpass  this  shortcoming.  In  
initial experiments a beam  spot  size  down to  14 nm and  17 nm in one 
direction have  been obtained  with on-axis  STIM and  electron  imaging  
respectively.  These exercises demonstrate that easy and direct beam focusing 
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Chapter 4 Automatic proton beam focusing 
 
Although PBW technique has seen significant progress in the last 2 decades, it 
is still relatively immature compared with electron beam lithography. There 
are many issues waiting to be solved or optimized. One of the issues is the 
beam focusing. In the proton beam writing process, beam focusing is normally 
achieved by manually adjusting the currents of magnetic quadrupole lenses to 
achieve a small beam spot. It is time consuming and difficulty to get the right 
beam spot size. An automatic focusing system based on C++ had been 
developed and a sub-micrometer beam spot of approximately (700 × 600 nm
2
) 
was achieved in the 1
st
 generation proton beam writing system [1]. However, 
since the 2
nd
 generation PBW system has improved focusing performance，it 
is expected to achieve better beam resolution by automatic focusing. Further, 
this automatic focusing software is not compatible with the 2
nd
 generation 
PBW line. In this chapter, I will present a new automatic focusing system 
based on LabVIEW which integrates with the rapid data acquisition (DAQ), 
imaging and fitting system. It can focus a proton beam down to 9.3 nm × 32 
nm in less than ten minutes.  
 
4.1 Prelude of a DAQ system 
In this section I will briefly introduce some of the components and concepts 
that are related the DAQ system. 
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Analogue-To-Digital Converter (ADC) 
In most physical measurement, the variable is continuous while the value 
saved in a computer is discrete. Analog-to-Digital Converters (ADCs) are the 
tools that can transform continuous physical quantities (usually voltage) to 
digital numbers (usually binary). The digital numbers are a series of 1’s and 
0’s and later are converted to denary numbers for reading.  The resolution of 
ADC depends on the number of binary digits (bits). For example, a 16-bit 
ADC with a maximum input of 10 VDC gives a resolution of 10 V/2
16
 = 
10/65536 V = 0.153 mV. Because the physical quantities can only be digitized 
with discrete values, there is an error between the digital number and the true 
value, which is smaller than the resolution of the ADC. Furthermore, in a real 
ADC, there are small gaps between two adjacent digital numbers and the error 
is judged by the specification of Differential nonlinearity (DNL). The DNL is 
defined by 
 out







   (4.1) 
Where D is the digital output and LSB (one least significant bit) is equal to the 
resolution of the ADC channel. LSB is often used as the reference unit for 
other quantities. Ideally, in an ADC, there is no deviation and the value of 
DNL is zero. Figure 4.1 shows the ideal output voltage reading from an ADC 




Figure 4.1: (a) the ideal output voltage reading from an ADC with infinite 
resolution and (b) the real output reading. Image is taken from [2]. 
 
Digital-To-Analogue Converter (DAC) 
Compared with Analogue-To-Digital Converter (ADC), Digital-To-Analogue 
Converter (DAC) performs the reverse function. It converts digital data 
(usually binary) into an analog signal (current, voltage, or electric charge). 





defined to describe the deviation between the change in the output and input 
and ideally it has a value of zero. There are several types of ADCs like 
Oversampling DACs, binary-weighted DAC, thermometer-coded DAC and 
the simplest pulse-width modulator, which can realize different functions. 
Digital Input/Output (DIO) 
Digital signals are the most common signal used in computers to communicate 
with mode of instruments because they are fundamental to the computers’ 
operation.  All signals from an instrument must at some point be converted to 
a digital signal for further processing. In a digital system, two voltage levels 
represent the two states of a Boolean value (0 or 1). Digital I/O is designed to 
deal directly with transistor-to-transistor logic (TTL) signal. It is usual to 
allow some tolerance in the voltage levels used. For example, 0 to 2 volts 
might represent logic 0, and 3 to 5 volts logic 1. A voltage of 2 to 3 volts is not 
allowed. A voltage change from high level to low level (or vice versa) 
represents a digital change of state from high to low. DIO is very important 
when interfacing with instruments especially purposes of handshaking, control 
and data transfer. 
Sampling rates 
The sampling rate is the number of samples obtained in one second (samples 
per second) in ADC or DAC processing. For example, in an ADC, the 
converter converts the value of variable voltage to a digital numbers several 
times every second. In an ideal case, sampling takes the form of a pulse train 
of impulses which are infinitesimally narrow. In real case, DC voltages or 
slowly changed DC voltages might require sampling rates of only several Hz. 
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But for in applications where rapid digitization is necessary, a high sampling 
rate must be used to avoid a bottleneck for the flow of data. 
Counter 
Many DAQ cards are equipped with digital counter which can count the 
number of high-to-low or low-to-high digital transitions that occur. Besides 
counting, the counter has more functions like timing, pulse width 
measurement, frequency measurement. For one counter, it has few input pins 
like source, gate input. For counting, there are two basic types of counting: 
Single Point Edge Counting and Buffered (Sample Clock) Edge Counting. In 
the process of single point edge counting, the counter counts the number of 
edges on the source input (Figure 4.2). 
 
Figure 4. 2: Single Point Edge Counting. Image is taken form [3]. 
In the process of buffered edge counting (edge counting using a sample clock), 
the counter counts the number of edges on the source input but the value of the 
counter is only recorded at the active edge of the sample clock (internal or 
external). Then a Direct Memory Access (DMA) controller transfers the 
sampled values to host memory. The count values returned are the cumulative 
counts since the event starts. Therefore the count values are not reset until the 
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maximum value. The maximum of the count value depends on the resolution 
of the counter channel. If a counter has 32 bit, the maximum count value is 
2
32
-1 then the value rolls back to zero. Figure 4.3 shows an example of 
buffered edge counting. 
 
Figure 4.3: Buffered (Sample Clock) Edge Counting.Image is taken from 
[3]. 
Trigger 
A trigger is used to cause an action, such as starting or stopping the acquisition 
of data. The trigger can be from an internal digital signal or from an external 
digital signal. Sometimes the analog voltage signal can also be used for a 
trigger. The triggering edge is either the rising edge (low-to- high) or falling 
(high-to-low) edge of the digital signal. Trigger is the key to synchronize data 
from acquisition system. In proton beam writing, one important aspect is that 
the software can correlate in time the data acquired from multiple channels. If 
the data is not appropriately correlated in time or synchronized, then analysis 
or imaging from the data is inaccurate or disordered. The trigger is helpful to 
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synchronize the input and output signal. Figure 4.4 shows a falling-edge 
trigger. 
 
Figure 4.4: An example of falling-edge trigger. Image is taken form [3]. 
 
NI-DAQ 
Our data acquisition and beam scanning system utilizes National Instruments 
M-Series PCI/PXI 6259 DAQ card [4]. The card contains four 16-bit analogue 
outputs, 48digital I/O lines, two 32-bit counters and a frequency generator. 
This analogue output has a maximum sample rate of 2.86 M /s for one channel 
and 1.25 M/s for four channels. It also supports analog and digital triggering. 
The value of DNL is± 1 LSB. To scan the beam across a sample an 
electrostatic scanning system is installed. The electrostatic scanning requires 
high voltages and a high (+/−4 kV Trek High-voltage amplifiers model 609E6) 
or low voltage (+/ −220 V Techron) amplifiers are used to appropriately 
amplify the outputs from the card. Then the amplified voltage is connected to 
the electrostatic scanning plates. Another important feature of the card is that 
the AO channel has an output range from -10 V to 10 V with an absolute 
accuracy of about 2 mV. This accuracy error causes a fluctuation of beam 
scanning, which further influences the beam size measurement and writing 
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accuracy. In order to make sure the beam size measurement error from this 
noise is less than 1 nm, when the AO output is from -10V to 10V, the 
maximum scan size should be no larger than 5 µm. Table 4.1 summaries the 
main features of the NI PCI 6259 DAQ card. 
 
Table 4. 1: The specifications of the NI PCI 6259 DAQ card 
Lens power supplies 
It is important in any probe-forming system for the quadrupole lens to have 
sufficient stability in excitation so as not to affect the minimum attainable spot 
size. In the 2
nd
 proton beam writing system, the quadrupole focusing lenses are 
powered by two Bruker power supplies, which can provide a maximum 
current of 120A with a stability of 2 ppm. The power supplies are equipped 





4.2.1 Introduction to LabVIEW 
Without software, DAQ hardware is of little use and without proper 
programming the hardware is difficult to be controlled. Compared with C++, 
LabVIEW (Laboratory Virtual Instrument Engineering Workbench) has a 
user-friendly programming environment. It also supports different operation 
platforms including Microsoft Windows, UNIX, Linux and Mac OS X. It is 
commonly used in many areas like data acquisition, instrument control, 
and industrial automation. A key feature of LabVIEW is extensive support for 
accessing instrument hardware. Because of the variety of driver interfaces 
provided, the programming code can be written very fast and used for testing. 
Virtual Instrument Software Architecture (VISA) 
The Virtual Instrument Software Architecture (VISA) is a standard I/O 
language for instrumentation programming and troubleshooting 
instrumentation systems. VISA is a high-level application programming 
interface that calls into lower level drivers and capable of GPIB, VXI, PXI, 
Serial, Ethernet, and USB interfaces [5]. VISA provides the programming 
interface between the hardware and development environments like 
LabVIEW. The main advantage of VISA is that when the users want to 
communicate with the instrument, they don’t need to consider the interface 
type.  For instance, the VISA command to write an ASCII string to an 
instrument is the same whether the instrument is Serial, GPIB, or VXI. 
Therefore it is easy to switch interfaces and helpful for users because they 
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only need to learn one language to handle different interfaces. In our system, 
the quadrupole lens power supplies are connected to a PC via the Ethernet port 
and the control commands are written by VISA.   
 
4.2.2 DAQ configuration and imaging 
DAQ configuration 
In proton beam writing system, two AO channels are used for beam raster 
scanning. One is for the X direction and the other for the Y direction. In order 
to write arbitrary patterns, another AO channel is used for beam blanking, 
which can deflect the beam away or back to the on-axis beam path. The beam 
progressing from one point to the next point is triggered by the digital signal 
from the Frequency_out channel. That is, the frequency out channel and the 
AO scanning channel have the same frequency. 
The NI M Series devices have two general-purpose 32-bit counter/timers. 
Every counter has seven input signals; two of them are the source and the gate. 
In the normal single edge counting configuration, a digital pulse signal is 
routed to the source input and the counter counts the total number of the pulse. 
The NI PXI 6259 counter channel has a resolution of 32 bit. In our experiment, 
fast scanning and imaging is required. In this case, the buffered (sample clock) 
edge counting configuration is used. The sample clock (from frequency_Out 
channel) is routed to the source input and a proton induced signal is routed to 
the gate input. When a pulse is detected at the gate, the current value of the 
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source input is recorded into host memory via DMA. Every time, the count 
memorizes the cumulative counts since the sample clock starts. 
Imaging 
Imaging using ions usually involves scanning a focused beam over a sample in 
a continuous raster and collecting signal so as to form an intensity image using 
the information (x, y, n). The (x, y) is the pixel coordinates of given sample 
points and the values are proportional to the scanning voltage. n is the detected 
intensity signal corresponding to (x, y). In order to perform imaging, 
understanding the raster scanning is necessary.  
In raster scanning, for x scanning, the beam scans horizontally left-to-right at a 
steady rate, then sweeps vertically to the next line with the same steady rate 
and scan horizontally right-to-left. In this case, the scan speed in vertical is 
much slower since there is only one vertical step, but there is one line 
movement in the horizontal direction. The maximum frequency of the beam 
movement depends on the maximum sample rate and the skew rate of the 
amplifiers of DAQ card. 
Now let us assume the resolution of the scanning is R × R, the initial intensity 
graph is zero matrix A. when scanning the beam, the resulting buffer will 
receive a list of the values m and the values need to be converted to 
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where floor(x) is the largest integer not greater than x. For every value, there is 
a corresponding coordinate (x, y) and the value of Axy in the matrix A is 
increased by 1. After the first frame, the beam scans from the last point to the 
first point. So for the second frame, the values m should be replaced by m-2R
2
 
to get the corresponding coordinate (x, y). Further, since the beam returns the 
starting point after every two frames, the point where the counter rolls back to 
zero should be the starting point. That means the value of 32 22 / 2R  is an 
integer. R has the form of 2n, where n is an integer between 1 and 15. 
Considering the scanning rate (frame/s) and the imaging resolution, n is usual 
chosen as 8 or 9 and R is 256 or 512. 
4.2.3 Stage control 
Before beam focusing, the resolution standard must be moved to right position 
for imaging. The stage movement can be done either by PIMikroMove (made 
by Physik Instrumente ) or stage control. The stage control software is based 
on LabVIEW and designed not only for the stage movement but also for stage 
scanning. The software sends commands to the stage controller via a GPIB 
interface. Figure 4.5 shows the front panel of the program. Before running any 
other virtual instruments (VIs), the connection VI must be first run. This VI 
automatically opens the communication ports so that other VIs can access 
these ports at runtime. When we run stage movement VI, the position (X and 
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Y directions) of the stage is continually monitored and displayed on the front 
panel. Since the Z direction has an open loop, the movement can be done by 
step mode and monitored by a displacement sensor, which has a resolution of 
1µm. In future this can become a virtual closed loop if the z displacement 
sensor is integrated in the LabVIEW control. 
The stage scanning VI allows the user to move the stage either in X or Y 
direction and simultaneously scan the beam in the perpendicular direction. 
With this method, the stage scanning can overcome the scan size limitation of 
beam scanning and fabricate structures over the whole length of the stage (20 
mm). The structures made by stage scanning will be introduced in next chapter. 
 
Figure 4.5：Front panel of the stage controlprogram 
4.2.4 Program description 
The automatic focusing program can be divided into three LabVIEW VIs, 
each designed for a specific task. The first one called imaging is written for 
beam scanning and resolution standard imaging. The scan voltage from the 
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DAQ card can be chosen from -10 V to 10 V. The second one is used to 
control the current of the magnetic lens power supplies. The current error level 
is set as 0.5 mA. The last VI is the key part of this application. For the first VI, 
after setting the value of the scan voltage and the scan speed, the beam is 
continually scanned over the resolution standard to form an image of the 
resolution standard. The intensity at every pixel in the image is accumulated 
until the VI is stopped. Once running the last VI, the resolution standard 
imaging in the first VI will be displayed.  The user can easily draw two lines 
which cross over the sharp edges of the resolution standard imaging and are 
parallel to the x-axis and y-axis respectively. After drawing the lines, the VI 
will calculate the parameters of the two lines and transfer them into scanning 
voltages. Figure 4.6 shows the front panel of the LabVIEW program. 
 




For the triplet magnetic lens configuration, the beam size in X direction is 
more sensitive to the current variation of the last lens and the beam size in Y 
direction is more sensitive to the current variation of the first two lenses. The 
optimal current in one direction is achieved by optimizing the more related 
lens current. 
A typical starting current in the two power supplies ( A and B) can be chosen 
from a data base or can be found through focusing by hand, employing the 
feedback from the beam induced fluorescence in a quartz sample. Then two 
current step sizes are chosen (A’, B’) for each lens power supply. First the 
program will change the current in one power supply in five steps from A - 
2A’, to A + 2A’and the beam size in this direction is calculated through fitting 
the data by equation (3.5). More of the focusing fitting can be found in chapter 
3.1.The current corresponding to the smallest beam size is selected to as the 
next starting point. Next the program will change the current in the other lens 
power supply following the same procedure. Then the current step size is 
reduced to half and the whole optimization process is repeated a few times to 




Figure 4.7：The algorithm flow of the scanning 
4.3 Experiments and results 
Initially the  incoming proton beam has an energy of 2 MeV and  passes  
through  object  slits  with an opening of  7 × 3  μm2, further collimated by 
aperture  slits of 30 × 30 μm2. The imaging system has an update time of 20 μs 
per pixel with 256 × 256 pixel resolution. By adjusting the voltage of the AO 
channel from the NI card and the scan amplifiers, the system has a scan size of 
32.5 × 32.5μm2. The pin diode works on the off-axis mode which gives a 
count rate of ~ 13k protons per second. Current values for the Q-poles, chosen 
from the database, are set as starting point. After running the first VI, two lines 
with 256 pixels are drawn on the image to measure the beam sport size. The 
total line counts for every scan are fixed at 4k, which requires tens of frames 
to be scanned for every beam size measurement. As shown in figure 4.8a, ax 
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and ay, before focusing, the beam has a resolution of about 653 × 1288 nm
2
. 
Then, the beam is focused with the LabVIEW program by adjusting the lens 
currents. This process normally takes 2-5 minutes. After focusing, the fitting 
curve indicates a beam spot size of about 149 × 397 nm
2
 (figures 4.8b, bx and 
by). Considering the noise level of the NI card as mentioned above, the beam 
scan size is then set to 4 × 4 µm
2
 by reducing the amplification to further focus 
down the beam. After the second time beam focusing, the STIM image is 
shown in figure 4.9a, which indicates a beam spot size of 14 × 30 nm
2
 (see 
figures 4.9ax and 4.9ay). Finally, in order to double check the beam spot size, 
an area of 800 × 800 nm
2
 with 256 × 256 pixel resolution is scanned for more 
than 20 times. The fitting data are directly extracted from the image, where 4 
adjacent and 6 adjacent lines are added in X and Y direction respectively. 













Figure 4. 8: Off-axis scanning transmission ion microscopy image of the Ni 
resolution standard (a, b) and the extracted beam profile (ax, ay, bx and by). The 
STIM images are taken before focusing (a) and after first time automatic 
focusing (b). Both of images (a, b) has a scan area of 32.5 × 32.5µm
2
. The 
beam profiles are extracted from the region as shown in figure (a, b) with a 
white marker line. For example,the figures (ax) and (ay) are extracted from 















Figure 4. 9: Off -axis scanning transmission ion microscopy image of the Ni 
resolution standard (a, b) and the extracted beam profiles (ax, ay, bx and by). 
The STIM images are taken after second time focusing (a) and final imaging 
(b). The images (a, b) have a scan size of 32.5 × 32.5µm
2
 and 800 × 800 nm
2 
respectively. The figures (ax) and (ay) are extracted from figure a with white 
marker lines in x and y direction respectively. The figures (bx) and (by) are 
















We have successfully demonstrated the possibility of automatic focusing in 
the 2
nd
 generation proton beam writing system. LabVIEW is chosen as the 
programming environment. The focusing process can be divided into two 
steps: rough focusing and fine focusing. In this experiment, the start lens 
current is set from the database. Before focusing, the system has a beam size 
of about 653 × 1288 nm
2
. By continually adjusting the quadrupole lens 
currents, the automatic focusing system can roughly focus the beam down to 
149 × 397 nm
2
. Then by reducing the scan size and current step size, a final 
beam spot size of 9.3 × 32 nm
2
 is finally achieved. The whole process takes 
less than 10 minutes. Automatic process reduces the focusing time and is more 
convenient for the users. Besides automatic focusing, another program is 
written for stage scanning, which can write structures over the whole length of 
the stage (20 mm). 
In this experiment, the system has a lens demagnification of 857 × 130 and the 
object slits have an opening of 7 × 3 μm2.  PBO simulation shows the beam on 
the imaging plane has a spot size of 8.4 nm × 23.9 nm. Considering the error 
of the slits opening (1μm), our experiment result (9.3 × 32 nm2) is very close 
to this simulation. The difference between simulation and experiment result is 
also due to other effects, e.g. lens system misalignment, beam scattering and 
thermal drift. But thermal fluctuation in the lens system is the main issue 
which enlarges the beam size in Y direction. To reduce this drift, a vortex fan 
has been used to stabilize the lens temperature within ± 0.1°C. A better ways 
to alleviate thermal fluctuation is under construction. Furthermore, reducing 
88 
 
the opening of the objects and collimator is the main way to achieve an ever 
smaller spot size. However, the opening is limited because of low beam 
brightness. A new ion source is under development at CIBA in collaboration 
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 generation PBW line has the capability of high demagnification, 
which results in obtaining proton beam with a spatial resolution of 9× 32 nm
2
 
by automatic focusing. In this chapter, I will present some preliminary 
lithographic results produced by PBW and the nanoimprinting stamps which 
can enhance the PBW application areas. 
 
5.1 A typical proton beam writing experiment 
The typical steps in a proton beam writing experiment are introduced in the 
following part. We need to notice that depending on the applications, some 
experiments may require more steps than indicated. For example, the 
fabrication of nickel stamps and molds requires additional nickel 
electroplating step [1].  
Step 1: Sample preparation 
In most experiments, silicon is chosen as the substrate because silicon wafers 
are relatively flat and cheap. Before coating with resist, the silicon wafer is 
usually cleaned by ethanol in an ultrasonic cleaner to remove dirt and 
extraneous particles on the substrate. Sometimes, the sample will be used for 
nickel electroplating, so a conductive layer of Cr and Au/ Cu is firstly coated 
onto the silicon wafer. For spin coating, photoresist drops are dispensed on the 
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centre of the sample. Rotation is continued while the resist spins off the edges 
of the substrate, until the desired thickness of the film is achieved. Generally, 
the higher the angular speed of spinning, the thinner the film. The thickness of 
the film also depends on the viscosity and concentration of the solution and 
the solvent. After coating, in order to reduce the remaining solvent 
concentration in the resist and improve the resist adhesion to the substrate, the 
wafer is then soft baked. Soft baking can also prevent dissolving the first resist 




 spin coating cycle. In the process of soft 
baking, different photoresists have different bake temperature and time, 
typically depending on the glass transition temperature and solid content of the 
resist. For light sensitive resist, the whole process is done in a class 1000 clean 
room environment with yellow light. 
Step 2: Beam preparation 
An ion beam needs to be steered into the 2
nd 
generation proton beam writing 
end station (Figure 1.3). Which ion is used depends on the application. For 




 are used. The Singletron 
accelerator has a maximum output voltage of 3.5 MV and has the ability to 
deliver very high brightness beams. Once the beam is optimally tuned, a 
feedback loop will keep the beam stable [2]. Then in order to make sure the 
centre of the object slits and collimator slits coincide with the beam axis, the 
beam is directed on a thin quartz or glass slide situated at the target position by 
moving the PI stage in the end station. By changing the magnetic quadrupole 
lens current to observe the fluorescent pattern produced by the beam as it 
strikes the quartz target, the beam axis can be defined by adjusting the 
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collimator slits until the centre of the beam is at the origin focusing fluorescent 
point.  Then the object slits are shifted to make sure the centre of the object 
slits and the beam axis coincide by maximizing the currents in the chamber. 
Next, the beam is roughly focused on the quart or glass by adjusting the lens 
currents. A free standing resolution standard (Ni grid) is used to further focus 
down the proton beam. Since proton beam writing can fabricate high aspect 
ratio structures with straight sidewall, a high quality grid can be produced by 
PBW and other following steps like UV lithography, nickel electroplating and 
Cu etching (Figure 3.1). It should be noticed that there is a height mismatch 
between Ni grid and sample plane. This mismatch results in a larger beam spot 
size on the resist surface and therefore larger feature sizes. So before loading 
the sample into the chamber, the height difference between the sample surface 
and the nickel resolution standard is measured by an optical microscope, 
which has a resolution of 1µm. When writing patterns on the sample, the stage 
is first moved in Z direction to make sure the resist surface is in the focal plane. 
Step 3: Files preparation 
The software ionscan, is used for beam scanning and writing patterns on resist 
[3]. Currently, ionscan supports ﬁle conversion to and from monochromatic 
bitmap (BMP), ASCII and EPL. The EPL format file is designed only for 
proton beam writing and contains spatial and blanking information of the 
pattern to be written.  ASCII format can also be used to specify the irradiated 
points. The BMP file can be generated either by some software like CAD and 
Photoshop or by simply scanning a figure. More conveniently, Ionscan 
provides a simple scripting language, named EMC for the creation of scan 
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patterns by combining basic shapes. The EMC file consists of a header and 
any number of entity keywords with their corresponding parameters. It 
includes a few basic shapes: Spiral square scanning, Spiral circle scanning, x 
and y scanning. Valid resolution is 2
n，where n is positive integer from 7 to 
16. 
 
Figure 5. 1: Example of the EMC file [3]. 
An example of the EMC file is shown in Figure 5.1, and the corresponding 





Figure 5. 2: Scan figure produced from example code [3]. 
 
Step 4: Writing 
One important parameter for fabricating micro- and nanostructures in resists is 
the exact energy deposition needed. The correct quantity of energy, usually 
gauged by the amount of charge that must be deposited, is referred to as the 
‘dose’. Currently, the standard way to normalize the illuminated dose is via on 
axis STIM (scanning transmission ion microscopy). On axis STIM, if used 
properly, can register a single proton. However, in order to protect the detector, 
usually a pin diode, the current is limited at a very low level, typically less 
than 20 kHz. When the current is higher, a picoammeter will replace STIM to 




Step 5: Development 
After exposure, the sample is immersed in developer for a certain time, and 
then the residual developer is rinsed off using de-ionized water (DI) or IPA. In 
order to avoid extra exposure, this process is done in the clean room with 
yellow light. Then, the feature of the sample can be characterized by optical 
microscopy, atomic force microscopy or secondary electron microscopy. 
 
5.2 Resist materials 
Resists compatible with proton beam writing are classified into two groups: 
positive resists and negative resists. A positive resist is a type of resist in 
which the portion of the resist that is exposed to proton beam becomes soluble 
to the resist developer. The portion of the resist that is unexposed remains 
insoluble to the resist developer. On the contrary, the negative resist is a type 
of resist in which the portion of the resist that is exposed to proton becomes 
insoluble to the resist developer. The unexposed portion of the resist is 
dissolved by the resist developer. The main interaction between the resist and 
proton beam is the electron interaction, which results in resist modification.  
However, there are other types of materials, where nuclear interactions result 
in material modification. Examples of such materials are silicon, GaAs, 
Kapton, and TiO2 and so on [4]. For instance, in the process of silicon 
modification, the nuclear interaction between proton and the silicon ion 
damages the Si crystal by producing additional vacancies [5]. A higher beam 
dose produces a higher vacancy concentration. The irradiated wafer is then 
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electrochemically etched in a dilute solution of HF. An electric current is 
passed through the wafer. The high vacancy concentration region can inhibit 
porous Si formation process while at the irradiated regions with lower beam 
dose porous Si is formed. Then the porous silicon can be etched away by KOH 
solution, leaving the patterned structure. The modification of GaAs, TiO2 
undergoes a similar modification. Generally, compared with the “normal” 
resists, the dose needed of these materials is much higher. For example, the 









.  Table 5.1 summarizes the 
current materials that can be patterned by PBW.  
 
 
Table 5. 1: Resists material for PBW [4]. 
a
 limited by beam focus 
b
 cannot be removed 
c
 no data 
d
 limited by resist removal 
e
data not convincing 
f
value can be calculated 
 
From this table, we can notice that up to now, only the positive resist PMMA 
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and negative resists SU-8, HSQ and ma-N 2401 have sub-100 nm structuring 
capability. Further, HSQ has the best resolution and structure feature size 
down to 19 nm has been fabricated. These resists are more often used in 
proton beam writing experiment. More of the details of these resists can be 




Polymethyl Methacrylate (PMMA) is an optically transparent polymer with a 
density of 1.17–1.20 g/cm3. The molecular formula is (C5O2H8)n and the 
molecular structure is shown in Fig. 5.3. 
 
Figure 5.3: The molecule structure of PMMA. The formula is (C5O2H8)n. 
 
PMMA is a popular resist and utilized in kinds of lithographic process. The 
advantages of PMMA include: simple structure, non toxic nature of the 
solvent (anisole), several possible dilutions allowing a wide range of resist 
thickness, non sensitivity to white light (λ > 250 nm), high resolution, no shelf 
life issues and no processing delay effects. During proton beam writing, the 
long polymer chains of PMMA are fragmented into smaller chains making it 
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soluble in an appropriate solvent. At the same time, a parallel process of 
polymerization occurs in which the polymer chains are cross-linked together 
and form an insoluble material. At low exposure doses, the scission process 
dominates, allowing PMMA to be used as a positive tone resist. At high 
exposure doses, the polymerization becomes more dominant and PMMA can 
also be used as a negative resist. In general, this negative tone is not used due 
to the high exposure dose that is required to initiate it. A common developer 
for structures produced by electron beam lithography is methyl isobutyl ketone 
(MIBK). But in proton beam writing, the GG-developer and the mixture of 
IPA/DI water are more often used. The GG PMMA developer contains 60% 
diethyleneglycolmonobutyl ether, 20% morpholine, 5% ethanolamine and 15% 
water [6]. It causes hardly swelling of the resist and is suitable for 
development of high resolution nanostructures in thick resist layers. However, 
for sub-100 nm patterns, the development time is relative long. For example, 
the development time is about 40 minutes for 2.4 µm thick PMMA at room 
temperature. The mixture IPA/water is much less viscous and the development 
proceeds smoothly and fast. The specific mixture 7:3 IPA/water is shown to 
provide superior performance over other developer. In the early study of 




In the last decade, hydrogen silsesquioxane (HSQ) has become a serious 
candidate negative resist for high resolution proton beam writing. As shown in 
figure 5.4a, the hydrogen silsesquioxane monomer is a cubical-shaped 
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molecule having one Si atom at each corner, with corners being linked 
via oxygen atoms.  Additionally, a hydrogen group is attached to each Si [8]. 
The formula of the HSQ monomer is H8Si8O12. The resist solution has a 
random structure of partially formed cages of various sizes (see figure 5.4.b). 
The formula of the HSQ solution is (HSiO3/2)2n. 
 
Figure 5. 4: The molecular structure of HSQ: (a) cage structure for an eight-
corner oligomer; (b) random structure of the resist solution [9]. 
 
When spinning coating a resist on a substrate, the adhesion strength between 
the surfaces is determined both by the formation of chemical bonds and the 
surface roughness. In most proton beam writing experiment, HSQ is directly 
spin coated on Si substrate without using a primer to improve the resist 
adhesion to the substrate. But for high aspect ratio structures, a very thin 
titanium layer (2-4 nm) is used to enhance the adhesion. The adhesion 
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between the Ti and HSQ is promoted by the formation of Ti–O bonds between 
the reactive Ti and the oxygen atoms in the HSQ resist, such as Si–OH or Si–
O–Si groups [9]. 
In e-beam writing the silicon hydrogen bonds (which are weaker than Si-O 
bonds) are broken and converted to silanol bond (Si–OH). This silanol is not 
stable and condensed to break the cage molecule to form a linear network [10]. 
In EUV an increased sensitivity has been found for exposure with shorter 
wavelengths, assumed to be related to the increased ability to break the Si–O 
bonds [11]. In PBW, the proton induced secondary electrons can break either 
the Si–O bond (bond strength 8.95 eV) or the Si–H bond (bond strength 4.08 
eV). Therefore, similar to e-beam writing and EUV, the cage-like HSQ 
structure is broken and a network is formed through crosslinking via similar 
mechanisms [12]. Besides the lithography process, the chemical development 
plays an important role in the successful patterning of high resolution HSQ via 
proton beam writing. Usually, HSQ is developed via manual immersion in 
aqueous solutions of different developers, tetramethylammonium hydroxide 
(TMAH) being the one most frequently used [13]. 
 
SML 
SML is a new positive resist developed at the University of Manchester in 
thickness ranging from 50 nm to 5 µm and suitable for electron beam 
lithography. It is designed to obtain ultra high (sub-10 nm) resolution while 
maintaining high aspect ratios of more than 50:1 for EBL.  SML is about 3 
times more sensitive than PMMA and the exposure time is much less than 
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PMMA.  The properties of SML are very similar to other positive resists like 
PMMA and PMGI. It can be developed in methyl isobutylketone 
(MIBK)/isopropyl alcohol (IPA) solution and rinsed in DI water [14]. PMMA 
have inherent problem of generating secondary electrons which contribute to 
the proximity effect while SML-2000 does not suffer this problem [15].  
 
5.3 Characterizing the 2
nd
 generation PBW system 
In order to reduce the scan image distortion, the maximum scan size is limited. 
To overcome the limitation of the maximum scan field, we have adopted stage 
scanning and stitching which enable the beam to be scanned over a larger area 
using the stage. The PI nano-positioner has the capability to move the stage 
with a maximum velocity of 10 mm/s throughout its entire range (20 mm). 
Stitching and a combination of beam and stage scanning (Chapter 4.2.3) 
facilitates large area fabrication of micro- or nano structures in PBW over an 
area of 20 × 20 mm
2
, like long waveguides, resolution standards, microfluidic 
channels and so on.  
To depict the quality of the combined stage plus one direction beam scanning, 
a grid pattern was written in PMMA layer, which has a thickness of 2 m. To 
write the vertical lines a focused beam of 2 MeV protons (200 × 500 nm
2
) is 
scanned across 2 μm in the X direction while the PI stage moves 200 μm along 
the vertical direction at 1 μm/s. To generate the horizontal lines the same beam 
is scanned in Y and the stage is moved along the horizontal direction. After 
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development and nickel electroplating, an orthogonal nickel grid (90.0° ± 0.1°) 
is obtained, as shown in figure 5.5a. 
In stitching experiments the beam is scanned over a “field”, the stage is then 
moved to a new unexposed area and the next field is written. To evaluate the 
stitching, 10 μm long cross lines were written in four fields (shown in figure 
5.5b). The cross lines were written in the HSQ layer with a focused 2 MeV 
proton beam (200 × 300 nm
2
). The four fields were exposed sequentially by 
moving the stage in X or Y direction appropriately. We notice, from the insets, 
that there is a stitching error of about 80 nm (which corresponds to an offset 
by + 0.46°) in X direction and 49 nm (corresponding to + 0.28° offset) in Y 
direction between the end of the lines in neighbouring fields, thus featuring an 
overall orthogonality of 90.00° ± 0.18° in simple beam scanning. The error is 
due to the combined effect of scan size calibration, alignment accuracy of the 




Figure 5. 5: (a) Optical image of 2 µm wide, 200 µm long orthogonal Ni lines 
produced by stage scanning during PBW and later electroplated (b) Four HSQ 
lines, 10 µm long produced by stitching method, with inserts showing the 
error in stitching. 
 
5.4 Nano fabrication 
PMMA nano lines 
Until now only few resists like PMMA, SU-8, maN-2401 and HSQ have 
shown sub-100 nm lithographic details with PBW. Earlier PBW experiments 
have only demonstrated lithographic grooves fabricated down to 100 nm on 
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PMMA resist [16]. Here in this PBW experiment, we fabricated even smaller 
grooves on a 2 µm thick PMMA layer.  A focussed 1 MeV H2
+
 beam (with a 
beam spot of 50 × 70 nm
2
) was used to write parallel lines by exposing 
PMMA to different doses. Each set of lines was digitized using 4096 × 4096 
pixels in a writing field of 60 × 60 µm
2
 (using ION SCAN [3] ) where each 
line is a single pixel wide in X direction. Direct imaging of such small grooves 
by SEM becomes challenging due to charging issues. So the pattern formed on 
PMMA by PBW was transferred to Ni by electroplating. 
At an exposure dose of 6.7 × 10
3
 protons/μm along a line, the resist was found 
to be not completely soluble during the development process. Whereas when 
the dose was increased to 1.3 × 10
4
 protons/μm, a groove with a width of 
about 65 nm in PMMA was written, since after electroplating a 65 nm wide 
nickel line was obtained (Figure5.6a). The size of this feature closely matches 
the proton beam width in X direction. It is worthwhile mentioning that this (65 
nm) is the smallest lithographic groove fabricated on PMMA by PBW, until-
to-date [17]. The waviness observed at the edges of this PBW structure could 
be primarily related to the instability of proton beam current due to the 
accelerator tuning. Further when the dose was increased to 2.0 × 10
4
, 2.7 × 10
4 
and 3.3 × 10
4 protons/μm, the resultant structures on PMMA are 75, 84 and 
106 nm respectively (Fig. 5.6b–d respectively). The nickel line width is found 
to increase with proton exposure dose. This broadening is due to contribution 
of the tailing portion of Gaussian shaped proton beam profile, which reaches 
sufficient exposure dose for bond-scissioning in PMMA. These results imply 
that the structure size obtained by PBW depends on the beam size and optimal 





Figure 5. 6: SEM images of Ni lines fabricated out of electroplating on a 2 µm 
thick PMMA. Sample subjected to 1 MeV H2
+ 
beam exposure to different 
doses of (a) 1.3 × 10
4 
protons/µm (b) 2.0 × 10
4 
protons/µm (c) 2.7 × 
10
4




HSQ nano lines 
In this experiment, parallel line patterns were written on HSQ (Dow Corning® 
XR-1541) layer with a focused 2MeV proton beam. The HSQ is spin coated 
on silicon with a thickness of 100 nm. The line pattern was digitized using 
2048 × 2048 pixels in a writing field of 32 × 32 µm
2
, where each line was one 
pixel wide and the spacing was 4 pixels wide. The beam was focused down to 





 protons/µm). After development, as shown in figure 5.7, a 
line width of 19 nm (noted to be the smallest structure written by PBW) and a 





Figure 5. 7: SEM image of 19 nm wide lines in 100 nm thick HSQ with a 




5.5 Nano replication 
Proton beam writing (PBW) has been demonstrated as a single step three 
dimensional (3D) direct writing technique for fabrication of high resolution 
and high aspect ratio structures with straight side wall. However, compared 
with masked techniques, proton beam writing is relatively slow and 
insufficient for mass production of large-area high-density low dimensional 
structures. Nanoimprint lithography is a fabrication process where 
micro/nanostructures are formed by pressing a stamp/mold against a polymer 
substrate, which allows the rapid fabrication of structures with high quality, 
low cost and high throughput. Therefore direct proton beam writing in 
combination with nanoimprinting can be used for mass production with high 
resolution. The resolution of the final patterns fabricated by this technique is 
primarily determined by the resolution of the features on the stamp. Here, I 
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will introduce two types of techniques, Ni electroplating and Ormostamp soft 
lithography. Both of them have the ability to copy high resolution features in 
films through nanoimprint lithography. 
5.5.1 Ni electroplating 
Nickel plating is a process that uses electrical current to reduce dissolved 
metal cations (nickel) so that they form a coherent metal (nickel) coating on an 
electrode. Nickel is plated for many reasons [18]. First and foremost, nickel 
provides a decorative appearance due to its ability to cover imperfections in 
the basis metal. Nickel electroplating does also offer more resistance to wear 
than softer metals such as copper or zinc and thus can be used when wear 
resistance is needed. Further, because nickel is magnetic, it can be plated with 
or without changing the magnetic properties depending on the dimension of 
the Ni structures. Finally, the internal mechanical stresses are controllable. 
Low stress coatings are used in electroforming and applications. In most of 




Figure 5. 8: Schematic of the nickel electroplating cell 
A schematic of the nickel-electroplating cell is shown in Figure.5.8. There are 
3 parts which are the electrolyte, a set of electrodes (anode and cathode) and 
the external power supply. The power supply supplies a direct current to 
the anode, oxidizing the metal atoms that comprise it and allowing them to 
dissolve in the solution. The flow of direct current causes one of the electrodes 
(the anode) to dissolve and the other electrode (the cathode) to become 
covered with nickel. The nickel in solution is present in the form of divalent 
positively charged ions (Ni
2+
). When current flows, the positive ions react 
with two electrons (2e
-
) and are converted to metallic nickel (Ni) at the 
cathode surface.  
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 2  2Ni e Ni     (5.1)  
   
The reverse occurs at the anode where metallic nickel is dissolved to form 
divalent positively charged ions which enter the solution.  
 2  2Ni Ni e     (5.2) 
In practice, a small percentage of the current passing through the cathode 
causes discharges of hydrogen ions from water and hydrogen bubbles are 
formed. 
 
2 22   2 2  H O e OH H
      (5.3) 
Therefore, the efficiency of the deposition of nickel is usually in the range of 
96% to 98% instead of 100%. The exact value depends on the plating 
conditions such as pH and cathodic current. The discharge of hydrogen 
reduces the concentration of hydrogen ions in the solution so that pH rises. 
Some acid must be added to the solution to keep the original pH value. Hence 
a pH meter is installed to measure solution pH at regular intervals to prevent 
changes in the properties of the nickel deposited. 
In our nickel electroplating system (Technotrans AG, RD. 50 plating system), 
the bath is mainly base on a mixture of nickel sulfamate, nickel chloride and 




Table 5. 2: Compositions for Ni electroplating solution 
In this solution, nickel sulfamate acts as the chief source of nickel ions. Nickel 
chloride acts as a subsidiary source of nickel ions and increase the electrical 
conductivity of the solution. Boric acid as a weak acid is used to restrict the 
change of solution pH arising from discharge of hydrogen at the cathode.  
The hardness of plated structures depends on different factors such as bath 
composition, current density, temperature, and plating process. Since we use a 
commercial nickel sulfamate electroplating system, it is assumed that the 
plating conditions such as bath composition, pH, and temperature are at their 
optimum values. In this case, the hardness is strongly dependent on the plating 
current density. Experiment has already shown that at current density 
(10mA/cm
2
) the hardness has the highest value (5 GPa) [19]. 
In order to perform nickel electroplating, a conductive layer is required as a 
seed layer. An Au layer is often used as the conductive layer. However, Au 
has a poor adhesion with silicon. Therefore, a Cr layer is first coated to 
improve the adhesion between Au and silicon. Then a resist layer is spin 
coated. After proton beam writing and development, the sample is 
electroplated with nickel. Finally, the resist is removed and the intended Ni 




Figure 5.9: The schematic of Ni plating process (a) sputtering and spin coating 
(b) proton beam writing and development (c) nickel electroplating (d) resist 
removal 
 
High aspect ratio nickel nano lines 
PMMA is a positive high resolution resist. This resist is suitable for nickel 
plating because after the electroplating, the non-exposed resist layer can be 
easily removed with acetone. A high quality void free high aspect ratio nickel 
sample of 100 nm width and 2 µm depth with 7 nm sidewall roughness has 
been fabricated [19]. 
In this experiment, a 100 nm Cr and 100 nm Au layer were first sputtered on 
the silicon substrate. A layer of 10 µm PMMA 950 000 molecular weight 
(MW), 11 wt % in anisole, was spin coated onto the wafers, and baked at 
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180 °C. A beam of 2 MeV protons was focused to a spot size of 30 × 50 nm
2
 
and scanned over an area of 60 × 60 µm
2
. The pattern was digitized using 
4096 × 4096 pixels and each line is one pixel wide. To make sure the lines 
survive post exposure processing steps, a support pattern with 5 µm wide lines 
was written. Since the range of 2 MeV proton beam is around 60 µm in 
PMMA, the protons penetrate through the resist into the silicon substrate, and 
so the depth of the structures is determined by the thickness of the resist, 
which in this case is 10 µm. Then the sample was mounted on a metal panel 
using copper tape, which gives a total plating area of about 58.5 cm
2
. Then the 
sample was electroplated with a growth rate of 200 nm/min for 5 µm thick. 
The lower plating speed produces less intrinsic stress in the high aspect ratio 
structures and is also coupled with higher hardness [18].  
According to SRIM simulation, if we take 95% of 10,000 protons at the depth 
of 5 µm and 10 µm，the proton beam will have a spread of 32 nm and 104 nm 
respectively in PMMA. The electron beam microscopy photograph of the Ni 
pattern is shown in figure 5.10. The parallel lines have a width of 75 nm and a 
height of 5 µm, which corresponds to an aspect ratio of 69. This is the highest 
aspect ratio structure fabricated on nickel featuring a sub-100 nm in width 








In nanoimprint lithography, a stamp which is already nonopatterned is used to 
replicate its features by pressing it into a soft curable material which is coated 
on a substrate. The soft material can typically either be thermoplastic or UV 
curable. The total number of imprints that can be performed using NIL is 
limited by the stamp. The development of the stamp requires stamp properties 
like high pattern transfer fidelity, high durability, thermal stability and easy 
material processing [20]. Ormostamp is a hybrid polymer material, 
manufactured by Microresist Technology GmbH, is popular for the fabrication 
of NIL stamps. Ormostamp consists of two polymer networks, an inorganic 
(Si-O-Si based) and an organic. The polymer is UV curable. After curing and 
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thermal post treatment, the polymer becomes durometric, which means that no 
glass transition occurs when heating. 
The process flow for stamp replication is show in figure 5.11. A glass slide is 
used as the substrate for the Ormostamp structure. Firstly, a thin Ormoprime 
layer is coated on the glass slide to enhance the adhesion between the 
OrmoStamp and substrate. Without Ormoprime coating, OrmoStamp can be 
easily peeled off during the replication process. The glass slide is cleaned via 
plasma treatment (300 mTorr, 18 W for 30 s) and then coated with Ormoprime 
(Micro resist technology GmbH) at 4000 rpm for 1 min. Then the glass slide is 
baked at 150 ºC on a hot plate for few mins. At the same time, a resist mold is 
coated with a thin layer of Teflon to protect the resist mold and facilitate 
demolding. Following that, a drop of OrmoStamp is poured on the resist mold. 
The glass slide prepared previously is gently pressed by hand on top of the 
sample. Next, UV exposure (i-line 365 nm for 45 min) is conducted to 
crosslink the Ormostamp. After UV exposure, the OrmoStamp is peeled off 
from the resist mold to obtain the reverse structure in OrmoStamp. If required, 
a 2
nd
 OrmoStamp copy is made using the first OrmoStamp copy. This final 
OrmoStamp copy carries the same geometry as the resist mold. Before the 
second copy, Teflon is coated on the first OrmoStamp copy to facilitate 
demolding of the two OrmoStamp structures. To solidify the OrmoStamp 




Figure 5. 11: Fabrication process for OrmoStamp structure: (1) prepare glass 
slide and resist mold (2) UV curing of the OrmoStamp (3) peel of OrmoStamp 
structure from resist mold 
 
PBW molds and Ormostamp 
In this experiment, HSQ, PMMA and SML were spin coated on a silicon 
substrate with a thickness of 200 nm, 200 nm and 50 nm respectively. Then a 
2 MeV proton beam (focused down to 30 nm × 50 nm) was used to write lines 
on the samples with different doses. The lines were digitized to 4,096 × 4,096 
pixels with a pixels size of 5 nm. Each line is one single pixel wide in X 
direction. The line dose of HSQ is 5.6× 10
3 
protons/µm; PMMA and SML 
have the same line dose of 1.9 × 10
4 
protons/µm. After exposure, the HSQ 
sample was developed in a 2.38 % tetramethylammonium hydroxide (TMAH) 
solution for 60 s, the PMMA and SML samples were developed in an IPA:DI 
water mixture (7:3 by volume) for 2.5 min. Finally, the samples were rinsed in 
DI water for 1 min. 
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As shown in figure 5.12 left side, after proton beam writing,  HSQ, PMMA, 
and SML samples have dimensions of (Width × Depth) of 30 nm × 200 nm, 
70 nm × 200 nm, and 60 nm × 50 nm respectively. Among these three resists, 
HSQ has the smallest feature size and the line width is the same as the beam 
size in X direction. The structure size in PMMA and SML are larger than the 
beam size, there is no explanation for this phenomenon at the moment and 
more research is required to find a suitable explanation. However, with the 
same dose and same development condition, the width of the SML groove is 
smaller than in PMMA. That is, the SML has better resolution than PMMA. 
Since after proton beam exposure, the SML can be easily removed by acetone, 
it is also suitable for Ni molds fabrication at the sub-100 nm level. 
After OrmoStamp fabrication, the Ormostamp copy carries almost the same 
dimension as the resist mold. That means OrmoStamp can transfer structure 
with high fidelity at the dimension of tens of nanometers. For the OrmoStamp 
structure copy from PMMA, the structure looks a little bit rough (see figure 
5.12b right), which could be attributed to the fact that the PMMA resist was 
probably not developed long enough or got damaged during peeling off the 
OrmoStamp structure from the PMMA resist. Among the three resists, HSQ 
shows the best resolution among all of them. So, HSQ is supposed to be a 




Figure 5. 12: Resist molds and OrmoStamp copies: (a) HSQ line (left) and 
OrmoStamp channel (right); (b) PMMA channel (left) and OrmoStamp line 





 generation proton beam writing can produce high quality 
lithographic structures on different resist materials. The possibility of large 
area PBW was demonstrated through stitching as well as combined stage and 
beam scanning mode. Orthogonal (90.00° ± 0.18°) and fine lithographic 
structures on PMMA down to 65 nm and on HSQ down to 19 nm are 
demonstrated. These HSQ lines are the smallest features written by PBW and 
the feature size is very close to the beam size. Nickel plating can transfer the 
PBW patterns to nickel and 72 nm wide lines, 5µm tall nickel nanowalls have 
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been fabricated, which gives an aspect ratio of 69. Ormostamp is another 
material, which can copy PBW writing structures with high resolution. The 
copies almost have the same dimension as the resist molds and can be used in 
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Chapter 6 Conclusions and outlook 
 
Proton beam writing is a technique that can fabricate 3D high aspect ratio 
structures with vertical, smooth sidewall and low line-edge roughness. The 
fabricated structures have minimal proximity effect due to the low energy of 
the proton-induced secondary electrons. Because of these unique abilities, 
PBW has been used in many areas like photonics, micro- or nano-fluidics, 
nano-imprinting and silicon micromachining. 
Currently, the 2
nd
 generation proton beam writing line is operated in a spaced 
Oxford triplet configuration, which has a demagnification of 857 × (-130). A 
high quality free standing resolution standard with reduced side-wall 
projection was also equipped in this system, which has the ability to more 
accurately determine the beam size. According to PBO simulations, when the 
object slits have an opening of 8 µm × 4 µm and collimator slits have an 
opening of 30 µm × 30 µm, a beam spot size of 9.5 nm × 31.8 nm can be 
achieved on the imaging plane. This spot size is very close to the simple 
calculation result 9.3 (8000/857) nm × 30.8 nm (4000/130) nm, which 
indicates the aberrations of this configuration are at very low levels. A new 
automatic focusing program successfully focuses proton beam down to 9.3 × 
32 nm
2
 in less than 10 minutes, which is the best performance for focusing 
MeV protons to date! Considering the slit opening error (1µm), the achieved 
beam spot does match the simulation result accurately. 
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The quadruplet configuration has larger aberrations than the triplet 
configuration, here the beam size is very sensitive to variations of the lenses 
power supplies. However it still has potential to focus proton beam down to 
sub-20 nm. More experiments are needed to test this configuration. 
Orthogonal (90.00° ± 0.18°) and fine lithographic structures on PMMA down 
to 65 nm and on HSQ down to 19 nm are demonstrated. A high quality high 
aspect ratio nickel sample of 72 nm width and 5 µm depth has also been 
fabricated. Since when the Ni feature size is less than 100 nm, the magnetic 
properties of Ni are much different from the bulk. It has the possibility to form 
single magnetic domain. In the future, the magnetization of Ni nanostructures 
will be studied. HSQ, PMMA and SML patterns made by PBW are used in 
Ormostamp soft lithography, which successfully replicates structures as small 
as 30 nm in HSQ. Ormostamp allows fast replication of nanostructures via 
nanoimprint lithography, enlarging the application scope of PBW. 
The work presented in this thesis has advanced MeV proton beam focusing to 
the next level, crossing the 10 nm barrier through automatic beam focusing, 
opening up advanced applications in PBW to a wider audience. 
